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ON А GRAPHIC METHOD OF ELIMINATING THE BACK- 
GROUND IN PHOTOGRAPHIC SPECTROPHOTOMETRY 


By Marîa D. Kunisz 


Institute of Experimental Physics, Jagellonian University, Kraków 


(received February 2, 1952) 


Dorgelo's spectrophotometric method cannot be employed directly if the spectral 


lines appear on a background of a continuous spectrum which cannot be eliminated 


by laboratory means. А graphic method of eliminating the background is suggested 


and employed to determine the ratio of intensities of spectral lines of the composed 


triplet 4d? D — 4p? P®°ZnI 


Introduction 


The intensity ratio of spectral lines appearing on an unblackened plate is 
determined by Dorgello’s method in the following way. Let J, and J, be the ee 


intensities of wave-lengths A, and 
А, and let Г and Г, be the in 
tensities after passing through the 
i-th section of a step filter or a ro- 
tating sector. Then we obtain 
D D 91, (1) 
where р; (a proper fraction) is 
the transparency of the given 
section of the filter. 
Curves of the dependence 
- of plate-blackening on light inten- 
sity 5, (on S (1) are plotted 
for both lines (see Fig. 1) on 
the basis of а microphotogram 
of spectral lines photographed 
through a step filter or a rotating 
sector. А typical diagram of 
this relation is shown in Fig. l; 
where p is plotted іп а loga- 
rithmic scale. 


Fig. 1. Blackening of a plate as a function of light 
intensity for two photometered lines 


Let us consider any. plate blackening values for both lines which fulfil 
the condition 51 = 52. Assuming that the wave lengths A, and 2, are sufficiently 


m each stor! so that the spectral difference of sensitiveness of the photographic 
phe may be ссе ме шау conclude Ma Ще intensities of light. hs on 
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the plate are equal, i. e. I = 1). Therefore in view of equation (1) у ръ == ћи Рай 


and the desired ratio of intensity of the lines À, and 2, may Бе represented by 


J 1 P2 
1 (2 
9, | 2) 


"S 
= 


1. The method of objective monochromatic spectrophotometry 


of lines appearing on the background of a continuous spectrum 


The above method cannot be directly applied for determining the ratio of 
intensities of lines appearing on the background of a continuous spectrum, as 
may be proved by the following reasoning: 


К 


let 5, +, and 5, +, represent the plate-blackening for lines of wave-lengths À | 


distance 
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in the-case of a continuous spectrum of variable intensity only the second method 
js available. 

Method 1. The following ratios may be determined by Dorgelo's usual 
method from the curves of the dependence of the plate-blackening on light in- 
tensity for lines observed together with the background and for the background 


itself: 5, 4, (D, 5,,, (D, 5, (0, 5, (1) 


Le 


JU. 5 Js 
7, Зи: 
T d ex. 
However, as Sg = pe + SR therefore Te BE ош 9 “and according- 
lv 2, Се 7, + г; 1 7, = Sa. x] 
| 7, 7, J,, Ta 


Thus the ratio of the line intensity measured together with the background 
and the background intensity determines unequivocally the ratio of intensities o 
the line and the background. 

Hence, assuming that the background in the considered range is constant; 
i.e. J, = 2,, the ratio of intensities of the lines may be directly calculated: 


7, + 1 
Пор За Du 
7, ut 2, J, мА Jia 1 
J 


Method 2. Using the same curves as above we can plot curves of the relation 
of the plate-blackening and the light intensity, corresponding with the lines 5, (D) 
and S, (I) without the background. For this purpose we reason on the basis of 
Fig. 3 as follows. 
On Fig. 3, two curves are plotted, one of which, 5, , , (I), represents the depend- 
ence of plate-blackening on light intensity calculated for the line together with 
“the background, and the second, 5,(Г), the dependence of plate-blackening on 
light intensity calculated for the background alone. Fora certain value of transpar- 
p^ рі» the line intensity calculated with the background intensity amounts to 
= J,.p, and the corresponding blackening of the plate to S$. 
As point 2 we choose a point in which the blackening due to the background 
- alone possesses a value equal to the blackening due to the line together with the 
Е - background in point 1. 
“ The appearance ofa line with the intensity 9, on the background of a con 
| tinuous spectrum of intensity J, deepens the plate-blackening by 51,,— S1, 
“and therefore has the same dec as increasing the light intensity by PHT. 
- Equal blackening of the plate for the same wave-length proves that the ichs in- 


+ 
no . , 
Ее. адалға. ~ 


6 А M. D. Kunisz 


tensity is the same, provided all other conditions remain unchanged. This means 
that [* = | ог Ji copa == SES = (J,+7,) Рі. Therefore I = J,-n == 
= 9, (рг—р) = <—1 = If, 
where ра = рә — р. 

The background intensity 
I? — П corresponds to the black- 
ening 57, equal to the blackening 
which would be caused by a line 
weakened by p,, if it appeared 
on a non-blackened photographic 
plate. 

Calculating in this way the 
blackening of the plate for several 
values of the weakening p we 
may plot the curve of the de- 


i , pendence of the plate-blackening 
p: Dg D D; on the light intensity of the line. 


0 
D я à 
After plotting corresponding cur- 
Fig. 3. Graphic elimination of the bac kground ves for all lines which have been 


observed we may calculate by 
the usual Dorgelo method the ratio of their intensities. . 


II. Determination of the ratio of spectral line intensities of 
an arc spectrum of the Zn composed triplet 4490 — 4р?Ро 


А carbon are with an anode filled with a mixture of powdered 2150, and 
carbon in weight proportion 2:3 was used. as the source of light. The spectrum 
was photographed with the help of a large quartz spectrograph produced by C. Zeiss 
(Jena), with a dispersion of 18,4—19 A/mm in the given range of wave-lengths. 
"Omega" antihalo orthochromatic plates produced by "Film Polski" were used. 

/ À six-step rotating sector was employed, weakening the light in the proportion 
100 : 50 : 25 : 12,5 : 6,25 : 3,125 : 1,5625. The spectrum was photometered with 
a photoelectric microphotometer produced by C. Zeiss (Jena). The zinc spectrum 
obtained appeared on the background of a continuous spectrum of varying intensity. 
Е. Diagrams S,,,(1), S,(1) and S,(1) for wave-lengths 3345 A, 3303 À and 3282 À | 
E. respectively were plotted by the method described above (1, 2). 
| à The following results were obtained for various conditions of glowing of 


the arc: 

я AXE E LE си No 73345 23303 | 73282 қ 
САМА x — 

b 1 100 61 51| 2243 А 

nhi 2 100 60-1 | 2142 ше 
E 3 100 611 | 2343. cu 
2 UE 4 LOO A 61.441 [324 4-3 | TUE 
ART | 5 100 | 60-1 | 1942 ' | 3 


ин 
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These results contain an experimental error due to neglecting differences of 
. sensitiveness of the plate for the observed lines. 

The results obtained, except for No 4, agree with the sum rule, which gives 
| 9 3314? 7 ззоз : F 3282 = 100 : 60 : 20 
- _ Тһе author wishes to express her thanks to Professor H. Niewodniczanski 
for suggesting the subject of this paper and for numerous discussions during its 


4 execution. She would also like to thank other members of the staff of the Institute 

E of Experimental Physics of Jagellonian University for help received по them. 

И | 
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E м. Д. Куниш, Графический гара А оне при спектральной 
| фотографической фотометрии.- К s 

| 2 “Метод спектральной. „ фотометрии Доргело не может быть применен в том P 

s случае, когда спектральные линии выступают на фоне с SO сен У 
от которого лабораторным путем нельзя избавиться = 2 Ee а 


5 à EB настоящей работе приведен графический метод исключения Dos KOTO- 
Е рый был применен для аНЫ отношения интенсивност стей HET RE оста 
1 сложного триплета | : : E4 


ар 4 pip Zn. 
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ON A STATISTICAL PHOTOGRAPHIC METHOD 
OF DETERMINING THE CROSS-SECTIONS 
FOR THE ABSORPTION OF SLOW NEUTRONS 


By М. WIELOWIEJSKA 


Physical Laboratory, Jagellonian University, Kraków 


(received February 21, 1952) У 


А statistical photographic method of measuring the cross-sections for the absorp- 
tion of thermal neuirons (0,025 eV) in aluminium and lead has been elaborated. The 
flux of photoneutrons from the reaction Qus n)2a slowed down in paraffin wax 


was determined by evaluating the-density of the 3H and ЗНе tracks in the emulsions | 
of 1004 Ilford C2 nuclear research plates loaded with lithium. This method was applied i 
to the determination of the cross-section of A1 and Pb atoms for the. total absorption. 

of thermal neutrons. The results are in good agreement with шо obtained by other | 
methods. n. 


і 


Apparatus and method of measurements 


{ NT | À 3 
: 4 5 A source of photoneutrons from the reaction ?Be (у,п).24Не was TEE 2 
_ neutrons were sent through a layer of paraffin wax 6 cm thick with the purpose 
bin of. slowing them down to so-called thermic velocities. About 13 mg of radium 
in radioactive equilibrium with its derivatives was used i in the experiments. The | 
.. radium was placed in a small cardboard cylinder contained i in a larger cylinder Е 
of 6 cm diameter and 6 cm height. The larger cylinder was filled with beryllium g 
$ 80 that the radioactive source was symmetrically surrounded. by it on all sides. = 
е source of neutrons | was surrounded а: а ©. cm Av of Tus. мах. ЈЕ E 
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ged during the whole time. Exposed plates were developed with the help of the 
temperature method of Dilworth et al. (1948). 

À serious difficulty appeared during developing of the plates, as some plates 
were so darkened that their observation under a microscope was impossible. 
After a series of experiments it appeared that the only way to get rid of this dark- 
ening was to bathe the plates for 12-16 hours in the fixing solution at room tem- 
perature. This solution was changed from time to time. The а particle tracks do 
not.undergo any changes 
during such long bat- 
hing; they are as distinct 
as after the usual deve- 
loping. Besides, some- 
times after developing  p/ae- 
the emulsion was cove- 


red on its surface with 
codmium 


a thin layer of silver, 


| plate 
which could not be re- 

rd АЕТ B source 
moved mechanically, but beryllium 
the long bath in the paraffin шах 1 
fixing solution removed РАЯ 
ih ІШІ absorber 
it completely. $ 

After exposition and Fig. 1. Horizontal cross-section of the apparatus 


development each plate 
was examined under a Zeiss microscope with a depth micrometer. The micro- 
scope possessed a stage with cross movement. The magnification used during 
the observations was 588. This was chosen in consideration of the length of the: 
measured tracks, since according to Titterton (1949) and Locqueneux (1950) 

the reaction SLi (n, a3H the joint track length of tritonium and the a-particle 
amounts to about 42u. It is assumed that the length of the road is constant and _ 

- that the distribution is isotropic. 

Usually the tracks do not appear in the plane of observation in the micro- 
scope but are inclined towards it at an angle. In that case only projections are 
observed on a plane parallel to the emulsion surface. Traces whose components ; 
parallel to the emulsion surface were of the length 12—42 и were counted: This 38 

1 ра was chosen оп Ше basis of the statistical material. — а Me A 
The shrinking of the emulsion during developing was taken into account. 
The shrinkage coefficient was calculated on the basis of Vigneron’ s paper (1949). “7 75 
For Ilford C2 plates with emulsion thickness of 100 u it amounts to S = 2,164-0.07. = 
Every component perpendicular to the emulsion surface was therefore multi- Du 
plied by this coefficient.  ,. | і | 
ı.1 Statistics of tracks fre ined from the point of view of the па щ A 
. their components. The results of the measurements were collected in a table. | Въ, 3 
Tu horizontal column А contains the number of traces for which the statistics | 
ератед. В contains the Подава of. бИ pen to the emulsion | 
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surface, C the mean lengths of components perpendicular to the emulsion surface 
after multiplying by the shrinkage coefficient, and D the values of the perpen- 
dicular components calculated on theoretical grounds. The estimated probable 


errors of the measurements were lu. 


Table 1 
A 45 49 47 50 48 49 49 
B 9u 12 15 18 24 30 36 
C 12 + 2u 16 15 14 12:0 21253 я 
D 19 и 18,5 18 17 15 13 9 


Comparing the experimental values in column С with theoretical ones in 
column D we see that beginning with the length of the parallel component 12y 
almost all tracks, whose projections on a horizontal plane possess a length 12—42 и, 
may be attributed to tracks due to the reaction 9Li(n, aH. On the other hand, 
tracks possessing parallel components of length lower than 12u, as for instance 
9и in Table 1, differ too much from the calculated theoretical values. In other 
words it is difficult to identify them with tracks due to the reaction ®Li(n, о)Н. 


Measurements and their discussio» 


The calculation of the flux of neutrons falling on the surrace of the emulsion 
was based on the following reasoning: Let N be the number of neutrons falling 
normally during 1 sec on 1 cm? of the emulsion of thickness e, containing M 
atoms of the given element in 1 ccm; and let л be the number of neutrons which 
cause the reaction. Then in agreement with the definition of the cross-section 


n 1 
"TNT M 
where v is the velocity. Therefore 
1 n X 
ó(v) LM 
ad Let ny = nje be the number of reactions per unit volume. Then N = Dr. RAE. 
| Ô(v) М 


If we find по, i. e. the number of reactions per unit volume of the emulsion then, 
with given ô and M, we may calculate N. | 
қ To establish the value of по, statistics of fields with various absorber thick- 
^ | ness were prepared. Each time traces were counted for 213 fields, in other words, 
Es the number of tracks were counted whose projections on the plane of the field 
of view were contained in cylinders of equal diameter and height. 

The results of the measurements are shown оп. diagrams representing the 
relation between the number of fields and the number of traces. As it appeared, 
for every thickness of the absorber the values are distributed on a Gaussian error | 

_ curve around a most probable value. For “instance, with an aluminium Tou of Û 
_ 5,2 ст most fields contain two tracks (see Fig. 2). | | k уз 
Statistics for several "res which have been developed honte a previous З 


D 
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exposition have been prepared to find-out whether in an unexposed emulsion 
there are present traces due to the reaction 9Li(n, a)?H caused by stray neutrons. 
It appeared that such traces do exist, but in 
so few fields that this neutron background 
was not taken into account. 
The number of neutrons passing through = 
a given thickness of the absorber is de- 
termined by utilizing the most probable values 50 
obtained on the basis of the diagrams. Assu- 40 
ming that the thickness of the emulsion 30 
amounts to 100 и, that the lithium concen- 20 
. tration (according to Ilford) amounts to 0,016 + 
есп and that the cross-section for lithium 
(mean value for both isotopes 9Li and 7Li) 
-amounts to д = 64 barns, the following 
tables were dressed: 


60 5,2 cm Al 


со 
о 
T T Ext 


1 DUSO, 4 546 
Fig. 2. Number of fields as function 
of the number of tracks in one field 


Table 2 
Aluminium absorber, thickness 152 2,4 5,2 8 
n 
па = — 23,88 x 104 20,69 x 104 15,92 x 104 11,94 x 104 
e 
N : ES 2,683 x 106 2.325х 106 ° 1;789х 108 1,34 106 
re Орша > X as » X Xi X > X 
д(0) М 
Table 3 
Lead absorber, thickness 0,6 152 LD 3 
n 
ng = — 23,88 X 104 19,90 x 104 15,92 x 104 11,94 x 104 
e 
1 ng 7 г 
N= E A 2,683 x 106 2,236 x 106 1,789 x 108 1,34 х 106 = 
бо) M 


On the basis of these tables absorption curves for aluminium and lead were 
plotted (Fig. 3 and 4). These diagrams show the logarithms of the neutron number 
intensity N as function of the mass of the absorber per one ст“. Both curves 
are straight lines inclined at an angle @ to Ше abscissae axis. The cross-section may 
be caleulated from the equation 


| 
мест 
>> 


т 
E 

lge 
where т is the atomic mass of the absorber. | 
The calculated values of the cross-section amounted to д = 1,64 barns for 


.aluminium and д = 8,63 barns for lead. The error committed during the calcu- 


| lation of these values ón.the basis of the diagram amounts to about +2 percent. 


1 


_ "These values agree with results obtained by other authors. According to Gold- 
` smith et al. (1947) the cross-section for slow neutrons of 0,025 eV. energy has | 


"n the 


Y 


value д = 8,7 barns for lead and 9 = 1,5—1,6 barns for aluminium. 


ғы 
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In these measurements systematic as well as accidental errors may appear. 
The uncertainty in the value of the lithium concentration given by the producing 
firm (2 percent) belongs to the first group. 


05 


МА АУ. 


РА 


071 


0 | 
10 20 30 ет i 


DES Fig. 3. Diagram of the logarithm of neutron. number as func- | 
| ; tion of the mass of the absorber per lem? for A ||| 


ү/ 
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no trace of cadmium or boron, possessing especially high cross-sections for thermie 
neutron capture, were found. 


Summary of results 


À method of measuring the crossection for the absorption of thermal neutrons 
of 0,025 eV energy based on statistical measurements with the help of photographic 
emulsion was worked out. The values of the cross-sections were found to be 
а = 1,64 barns for Al and о = 8,63 barns for Pb. 

The possibility was also established of measuring with this method the surface 
density of the number of evenly distributed neutrons of the order of 106/стаз. 
The order of magnitude of this density amounted to 108 in Titterton's (1949) 
and to 1010 in Locqueneux's (1950) measurements. Hence, the method elaborated 
in this paper is suitable for measuring weak fluxes of thermal neutrons. 

In this research only photoneutrons were used; this involves a strong flux 
of y-rays. These sources are known to have a very low efficiency, about 10 times 
smaller than the neutron sources employing the reaction (a, n). To obtain a strong 
enough neutron dose the time of exposition must be suitably extended. This leads 
to a stronger irradiation of the emulsion with y-rays. To diminish the background 
a lead filter was used. As it appeared, with so weak a source (13 mg Ra) and such 
a long period of exposition the background was diminished by the lead filter 
of 5 em thickness to such an extent that it did not hinder the observations. 

It is a pleasure to thank Professor Н. Niewodniczañski for suggesting the subject 
of this paper and for his supervision during its execution, and to thank all those 
who by their friendly attitude facilitated its succesful accomplishment. 
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M. Велёвейская, Статистический фотографический тетод измерения 
ое сечения поглощения медленных я ВОО. 


Разработан статистический E e метод измерения и | 


ного сечения поглощения термических нейтронов (0,0025 eV) атомами аллюми- 
ния и свинца. Поток нейтронов, получаемых в реакции ?Be(y,n)2o и замедляе- 
мых парафином, определялся путем оценки плотности следов ?H и ‘He в agep- 


‚ных пластинках Ильфорда 100—C2, пропитанных литием. Этот метод был при- 


менен для определения полного эффективного сечения поглощения терми- 


‘ческих. нейтронов атомами А1!и Pb. Результаты рана шол с Е uf 
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CONSERVATION LAWS IN NON-LOCAL FIELD THEORIES 


By J. RzEWUSKI 


Physical Institute, Nicholas Copernicus University, Torun 


(received June 1, 1953) 


The purpose of this paper is to investigate to what extent conservation laws are 
satisfied in non-local field theories. : 


Introduction 


The conception of non-local interaction is equivalent to the conception of 
structure of the elementary particles. This structure is usualy described by a form- 
factor which, so far, is to a large extent an arbitrary function. The first properly 
invariant formulation of a theory of extended particles is due to Peierls and 
McManus (McManus 1948). The form-factor may in principle be obtained from 
experiment, but one can also hope that it will be explained by a future theory of 
elementary particles. An attempt to construct a theory of this kind was already 
made by Yukawa (1950). In fact it was shown by Meller (1954) that Yukawa's 
theory is a particular case of a form-factor theory with the form-function chosen 
in a specific way. 

А theory of the structure of particles may be viewed also as a theory of forces 
acting between point particles. This will become apparent from the considerations 
of the first section. It is mathematically expressed by the equivalence of certain 
integral equations with partial differential equations. From this point of view 
various modifications nf the conventional theory consisting in the introduction 

| of higher order differential operators are also special cases of an extended source 
theory with a particular choice of the form-function. This equivalence will give 
us means to construct tensor densities satisfying differential conservation laws, 
although these quantities will be expressed by (in general infinite) series of dif- 
7 ferential operators. | і 
8 дет ' Integral equations are, however, a most suitable form for an extended source 
| _ theory, and therefore опе should try to define the energy-momentum and angular 
momentum tensor densities in terms of integral operators. To what extent this 
18 possible we shall investigate in the second section. № will be shown that for 
scattering problems (inhomogeneous integral equations) the quantities in question 
. must necessarily contain differential operators although their order may not exceed 
В: two. For bound problems (homogeneous integral equations) it is possible to define 4 
D . energy-momentum and angular momentum tensor densities by means of integral | 
‘Operators only. In both cases сащ integral conservation laws. are satisfied. This ad 
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means that the integral quantities (densities integrated over a space-like surface) 
are conserved from one space-like hyper-surface c, to a later surface оу. These: 
surfaces, however, may not be taken arbitrarily near to each other, the closest 
distance being prescribed by the nature of the form-factor. 

The present paper considers classical fields only. An attempt at quantization 
was published by the author elsewhere (Rzewuski 1951), see also Rayski (1951), 
and МоПег (1952). 


l. Transition to differential equations 


As starting point of the considerations it is most convenient to take integral 
equations describing non-local interactions. For the simple case of a charged 
scalar field y(x), p*(x) interacting with a neutral scalar field ф(х) these equations 
have the form | 

#0) = 91) + g JK (12) р (2) v (2) ds. 
y*(1) = у°*(1) + g [K*(12) 9 2) y*(2) ахь, (1). 
(1) = P1) + е fL(12)y*(2) v (2) ах, 


Here y?, ф°, К and L are given functions, the numbers 1,2, ... denote points 
in space time, g is a constant. For other types of fields (e. g. the electromagnetic 
field interacting with a spinor field) the equations are essentially the same and all 
following considerations remain valid. 

Equations (1) may be viewed as Lagrange’s equations of the following: 
variational principle 


W = ff dx, dx, { —p* (1) K(12)p (2) — wf(1) L (12), (2) 


+ p®*(1) К (12) р (2) + p*(1) К (12) pP) + f°) L (12) f (2)} (2) 


+ f f f dx ахь dog dx, K* (12) р*(2) К (13) p (3) L4) f 4), 
ôW = 0, 


where p, p* and f are connected with y, y* and ф by the following equations 


yl) = fKQ2)p (2) Фо, р) = f K*(12) p*(2) Фо. 
Ф(1) = f 112) А2) dx; ; (3) 


‘under the condition that К*(12) = K(21) and 17 2) — L(21). This condition 
18 not always satisfied in physical applications (various kinds of Green-functions). 

However, the physically most important cases of antihermiticity — K*(12) = К(21) 
and SUL (12): — 1.01) may be dealt with analogously. The variational principle (2). 
ds invariant under rotations in space time if K and L are invariant functions of their 
arguments. This is a demand which must be imposed on any physical Пик (2), 
ЈЕ owever, is not invariant under translations because of the appearance of p? and f°. 
n hese given functions have the meaning of boundary conditions and such conditions 
‘can: ot of course be invariant under translations unless.p = const. and f = const. 
cial choice. p doe 0 corresponds to the very tapoia case of closed. 
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systems. One has then to deal with the homogeneous integral equations corre- 
sponding to (1). Thus for bound states an energy-momentum and an angular mo- 
mentum tensor may be derived from (2), for scattering problems, however, only 
an angular momentum tensor. We shall look, therefore, for other variational 
formulations which permit the derivation of both tensors in both cases. In the 
next section we shall come back to the formulation (2) and to the problem of 
bound states. 

In this section we shall deal with that possibility of defining tensor densities 
which consists in a transition to differential equations. This transition is always 
possible if there exist differential operators K!(— O), L-1(— L1) for which the 
following equations are satisfied 


K-1(— п) К (x) = Ô(x), K*-X(— п) K*(x) = Ô(x), 
L9C-p)LG) = 99. (4) 
To satisfy the demands of invariance under rotations and translations, K (12) 


and L(12) must be functions of the distance («= хо)” only. For Ше same reason 
K- and L- are functions of. d’Alembert’s operator 


9? 9? 9? 9? 
О 22,9 | E : 
дуз gu. (agr? 


Operating with (4) on equations (1) one gets immediately 
КЗП) (y — 09) = афу, 17(— 0) (0-99 = ау. 06) 
The third equation is complex conjugate to the first one. Тһе meaning of (4) 


becomes apparent if Fourier transforms K(k?) апа L(k?) of K(x) and L(x) exist. 
In this case (4) may be written in momentum space: 


K-1() K(k) = 1, LAB L (A3) = 1. (6). 


In all physical applications the functions y® and ф0 describing boundary 


conditions are chosen in such a way as to satisfy the unperturbed equations 
Кп) = 174— 0) = 0. (7) 


In this case (5) takes the simpler form 


KI) = gp,  L-D)p = врт. (8) 
Solutions of (1) with the special choice (7) for y? and g satisfy (8) and the solu-. 


tions of (8) have always the form (1), where y? and 09 are general solutions of (7). - 
Та all practical cases, so far, the operators K-!(a), Г.-а) regarded as functions | 


| of a complex variable а have no singular points for finite а. If so, a Taylor ex- 
- pansion is possible and we may write : | 
x ( oo 


n-—o 
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па s 9 
L-3(—[) E A 4, Е: (9) 


. For equations of finite order these expansions are of course finite. Equations 
_{8) become 


% ух, Шр в Фи De À, O" = а. (10) 

_ They are Lagrange's equations of the following variational principle 

т | Bros ar 

5. у 0, MST dx, 

y Ж | 

| | Be T je s oce re > (11) 
| | d у 2 qu. % | п ee Py se 27 зегі 8% а ү 


} 


with the assumption that K ue is a real function, whieh 3 is dus satisfied 1 in physical 
applications. In (11) the notation D 
26 у 2,7% | а ој AT j 


ASS RN о 


T 4 
,4 04 


^ 


3 is used. The ныш is extended over a region of space time between two space- 
Ше surfaces оу and оз. The Lagrangian is is invariant both under translations 


7 
. 


tum and angular momentum tensor is possible, 


01 sand à in fhe ире Qu de Же; 2 (1948), and Green Эр 50 that we Past here. 


and rotations of | space-time and, ‘therefore, the construction of an Nube MET T 3 


The calculation of these tensors for equations of. arbitrary “ade may! be dim 
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The definition of current density and its conservation law follows immediately 
from the invariance of the variational principle under gauge transformations of 
the first kind. The result is 


со со ч 
i= ie Y у (—1)" Le и +1 (фу. va ВИ yo s EA V, Vn аре ф И?’ Ћи ), 


n=O m=O 


бе es 0} | (16) 


The formulae for j,, T,,, М,,, and fa,» for the case of arbitrary Lagrangians 


ES are given in Appendix I. 
Ы E The preceding calculations show that it is possible to construct expressions 
| for the current, energy-momentum, and angular momentum in non-local field 
\ theories in which the fields satisfy equations of the form (1). These tensors satisfy 

Ж) differential conservation laws. Required is only the knowledge of the expansion 
E: . coefficients х, and 2, of the kernels K(x) and L(x). | 

It may bó noted that the conventional theory with Klein-Gordon differential 3 
operators is obtained from (1) by putting 


Kg) = —p-— 0, г-ца) = ا‎ DUE (17) 


TM y 
4  tional theory, as must be required in die with the кеша correspondence 


_ principle. . > ) 
22 The above definition of j Jordi ‚М, ui and fau лаб the disadvantage of соп- | 
_ taining series (in general infinite) E differential operators. It seems that a form. А. 
_ appropriate for integral equations should contain integral operators. To what % 
». extent this is possible we shall investigate in the next section. ~ ^ M 
DS Another. disadvantage of this formulation is the indefinitness of the T ў 
озату ed the definition pt total. energy see formula PAL Hi AUS rise to diffi- 


B this case the quantities У us T 34 M > апа fan „ 50 over into those of the conven- _ 


cultie À For x шаһы! of. constructing the [RD d rion-local fieldtheories, м we 
| refer to the door У Rzewuski (1951). os 0951) a and Meller apai 273 


14 á t 


PAR 


. Integral conser | | vati. b 
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КЦ) = —Р-2 (1?) (52 + 3), LA) = — F-*(h?) (hk? + 42). (18) 
Here squared functions are taken for conveniency, which has no other bearing 
upon the theory than that it allows square roots as form factors. Now, we assume 
that the functions y? and p® are those Particular solutions of (7) which satisfy 
the equations 
3 Е Е 9n ee О (19) 
We could, се course, take also more general solutions of (7), but this would in- 
crease the order of the differential operators introduced into the variational ез 
which is against our purpose. The operators (19) will help to remove y? and 9? 
from the integral equations (1) by changing them into integro-differential equa- 
tions. For this purpose it is convenient to introduce new fields by means of the 


equations | 


Г — Hie da, e [roo 02) dm. 00) 

On the other hand it follows from (18) that У | rao 

E Eee ү | e. (34) Р(42) duy ац, ОУ 

1 газ) = | [ G, (34) F(42) di A Ber RUE S. : x 

E th | E SRM Grow LH Ca gium сесі exa v 252 
6,60) = es als аа 


Ву ; means of Fourier transforms. we пау, now у replace the equations dor v and. LN А 
Е Ро. 12 Y te à RD" Nd 


тш Os effec CHOCO En 
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(O oD = & T F(12) v*()) Y das. (26) 


These integro-differential equations correspond to the following variational prin- 


ipl 
аре Op m x (27) 


Fee I OA қ 
у = |а, өтте ot 2: арту |. | 
It is convenient to replace (27) by a more general principle in which the domain 


of integration is Сон пц between two Deu space-like surfaces бү and бо, 
` namely 


е у | E Wo. pedi О (x x! x! x!) dx ах ах" да", 
7% у у > à бі ; - а ; : 
Ev ида, Ро = ре, Tap 5 Du e zu ҚАТ (28) 


Lx AK ЫЛ! у ан = FG. — x) (x) P (x — da P (x — x") y е”). 


(26) and (27) correspond to that formulation of non-local field theory which 2 
proposed by Rayski (1951). The Lagrange equations corresponding to (28) have 


2 : lit /' the same form as (26) but with finite limits of integration. It may be noted that. 
“`. the transition from (26) to the integral equations (1) on the one hand and to the 
SUA SS differential equations (8) on the other is simple only for infinite limits of integration. 

JA \ The formulation (28) needs some explanations since it implies that wave 

И functions. are spread over a HON ce of space-time only E 

ANN. ili e. GR d3 A 

10 = йай on == 22) vo ‘dx, OM == | Е (2) Ф(2) ах, | e» 
Ta f e N NICE | 2-6 я ы 


Р(х) and F (a) are for relativistic. gems s functions of the ро square x? 2, 
He must be chosen small for large x to contain the old theory with a 669 
үз B asa Ја ера сазе. 4 was shown n by Мейзи, 20194) that in the cases ~ 


M ошу. jt is even dies to Е E Fur are “Al for таи ir 
ee) bet that M ues outside thers и between the 
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| satisfying integral conservation laws. The derivation is carried out in a similar 
' way as for the variational principles containing single integrals (see Appendix IT). 
The tensor densities in question have the form (II, 9, 12) 


15, = is БЕ Owe fe > My, „= vA An rea Т,, x, 2 
Га) = [| ахахах" (Е(с— х')Ф(х')Р(х— а) W*(x'") P (x — x") (x!) 
dria xd x) P (x e wi Ptr) P sm (30) 


Ра” — xy (x) LE DLC Pa ww) 
E Ех — x) (x)P(x'* — x")W*(x")P(x'' —x)W(x)). 
where T$, denotes the unperturbed part (corresponding to the unperturbed 


Lagrangian) which has the same form for local and non-local interactions. L” is 
that part of the energy momentum. which is due to the interaction between the 
fields. For further discussion we shall rewrite it making use of the Lagrange 
equations (26) (with finite integration limits, cf. also 1,3) 


Li ЕЕ Ф (Г А) Ф (гр) ФА we — и) У. (31) 


The minus sign corresponds to antisymmetrical P or F. For kernels which do not 
have the property of symmetry or antisymmetry somewhat more general consider- 
ations are necessary. 


Defining the integral quantities 


P (с) F fac, 4%; ? M,, (с) = fer, М,,,» (32) 


с 


we may write the conservation laws (1,12) as follows 


P (01) 2- PB (су), M (01) == M;, CAR Ж ; (83) Ded 


— From these integral conservation laws one cannot go over to differential laws 
since the surfaces o, and сз cannot be chosen arbitrarily close together. Indeed, 
„Ше surfaces оү and c, were distinguished by experiments carried out on the 
| system. If, however, we introduce form-factors into the theory, which is equiv- ' г dr 
alent with the introduction of an elementary. length, it becomes in principle im- 
© possible to carry out. experiments arbitrarily close together i іп: space-time. ers 
The quantities (31) have the disadvantage of not satisfying Ше“ Correspon- me 
_ dence principle. Indeed, in the limiting case ф-> D, y > (29) goes over и. 
into 4g ФФ“ W, whereas in the corresponding local theory the interaction part is 
gD Ф+ W. We hope to come back to this question in а forthcoming publication." | 


. ..*) Note added in proof: jc the meantime differential conservation laws have Бани cons) 
structed by the author (ЇЇ Nuovo Cimento X, 182, 1953) corresponding to any variational | 
| pri ciple (27) containing multiple integrals. These differential conservation laws satisfy auto-. 

не principle and oy are consistent with. the integral conservation 
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The current density derivable from the invariance of (27) with respect 
to gauge transformations of the first kind has the same form (in y, y, у“) as in the 
corresponding local theory (in Ф, У, W*) and satisfies therefore the correspon- 
dence principle. This is due to the fact that the interaction term does not 
contain derivatives of the fields. The conservation law, for this current has, of 
course, also an integral character. 

Now we go back to the Lagrangian (2) and to the question of bound states. 
For closed systems we have p® = f? = 0 and the principle (2) becomes invariant 
under translations. Since it contains no derivatives of the fields, no current vector 
may be defined from the invariance under gauge transformations of the first 
kind. The invariance under translations and rotations yields in the same way as 
before (it is to be noticed that the unperturbed part contains also multiple inte- 
grals) the simple result 


- 1 
Да: | x ЕКІСІ ре) K (a's) pa) — Sf) ка fin) 


ix oM] 
Xa И 


+ « [ага te ine ke cere 


а, 


+ кур о Ke pE щам да") 
+ K(x бр а”) Каир) ала" а) 
+ Каз рек) Ка) pp LG FO) а рер, (89) 


4402 ST д г. 15 (c) іі је. LÀ ? E (01) үз Њу (02); 


а 


Ма» = Tir, Ti, Xas M,, (o) = е, Mi,» ИУ (о) — M,, (о). 
o 
Here the demand of correspondence with the local theory is automatically 
satisfied. This is evident if one replaces К by С, and Г by G}. 
Finally, we may remark that if the Ва. K- and L-1 have more zeros 
than one, there are more possibilities to define different tensor densities satisfying 


conservation laws. Indeed, instead of (19) we could take Nus y? and v being | 
general solutions of 


"ay -ща- ве = 0, | (5) 


where the products are over some of 3i zeros. In this case the annihilation of y? 
and ф° in the field equations requires the introduction of higher order derivatives. | 


| The re calculations are proue a Bt of the methods described ed 


да 
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in Appendices I and IL. Thus we get a whole set of different tensor densities. 
. On the one side we have tensor densities containing only integral operators, on 


the other only differential operators. We emphasize that only the last den- 
sities satisfy differential conservation laws. The rest of the whole set satisfies in- 
_ tegral conservation laws. It is clear that the number of possibilities depends on the 


_ assumptions concerning y? and 99. For y? = ф9 = 0 we have the greatest number 


деледі Avec 
теу Е 


“ 


СИТЕ Мани 


bj 


of possibilities; for y? and p® being general solutions of (7) there is excactly 
one possibility left, namely the tensor densities (16), (12) and (14). 


Appendix I 


Derivation of conservation laws for Lagrangians containing derivatives of 
arbitrary order (Ostrogradski 1850, de Wet 1948, Green 1948). 3 

. We give here some of the general formulae of which particular cases were 
discussed in the first section. If a given variational principle 


W=0, = |. E 
© containing derivatives дә Lei the fields q “оғ arbitrary order is invariant with 
respect to gauge iion Eon of the first kind дд». = m Len" di прав 


_ and translations. and, rotations of space time 6x, = e,— £,,x,, then it Lied 


| 


_ possible. to define three tensor densities DE DNO 


Ex Жақа 8245 Ji = ten" DA Да qu. "y 9% 1) 
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Appendix IT 


The derivation of energy momentum and angular momentum from a varia- 


tional principle defined by (28) is carried out by an extension of the usual methods | 


(cf. e.g. Pauli 1942 or Schwinger 1951) to multiple integrals: 
rdi. x dd 


| = | је гат £" 449). 76. , 0...4]. (LD) 


The change in т by an in infinitesimal variation Ж. of the fields | 


4° (x) and by an “infinitesimal translation and rotation Óx, is 


onde es MT ds E 
OV DER И ИТ des - 
i Lie a ne ал 
NE 


ој" | 


gue SEU + при da 


Changing the variable x" into x we get 
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Since the total change in 44 


да“ = ôg" + q да + 9, ox, бай д? (IL 7) 


5 в‘ uv d 
.F(c) becomes - ji 
ТЕР | 
ә ` Е(о) = o. E да (х) + ым or, | 3 (11,8) 
? 
with | 
dL | 
HE nim 9qt(x ) die) — б, Sing £ (11,9) 
and | | 
E --- = и ods ти о 
Ена ур сж S28 Sus 8 L s 
Ў ТОА D + ama) v ag) ete ШЕШІ à 
_ Since бх, describes translations and rotations: | | 
f ôx, = е„— 6,,%,, (II, 11) 
the consérvatión laws implied-by the invariance of (II, 1) with respect to the trans- 
| formations (11,11) take the form | f ; 2 
4 ; We 
3 ШТ; қ 6 P,(6:) Ex Ро»), н е М,, (1) = Free M, T : | 
Ра) = је, т, M, (у= T MS а (1,12) — 


а - 3 4 PU 
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SUR LES SPECTRES RAMANIENS DES SOLUTIONS 
DE PYRIDINE ET D'ACIDE ACETIQUE I 


Par ROMAN MiIERZECKI 


Institut de Physique Expérimentale de l'Université de Varsovie 


(Manuscrit reçu le 5 juin 1952) 


Dans les recherches présentées on a étudié les spectres ramaniens de la pyridine, de 
l’acide acétique et des solutions de ces deux substances contenant 61,0; 48,3; 41,4; 
30,4 et 22,3% de pyridine par mole. On a constaté des faibles déplacements de fré- 
quences des raies de la pyridine et de l'acide acétique dans les solutions. En outre 
on a mis en évidence deux raies nouvelles de fréquences Ay = 881 ст“! et Ay 
= 1005 cm7": n'apparaissant pas dans les substances pures. 


On sait, que les fréquences ramaniennes provenant des oscillations respectives 
des atomes dans la molécule peuvent être modifiées sous l'influence des autres 
molécules. Les liaisons intermoléculaires dans les solutions des deux liquides 
donnant des molécules associées, exercent une certaine influence sur les oscillations 
des atomes. Ce fait se retrouve aussi dans les modifications des spectres ramaniens. 
Il serait intéressant d'étudier cette influence dans les solution donnant des mé- 
langes azéotropiques. 

De ce point de vue Whitting et Martin (1931) ont comparé les spectres 
ramaniens de la pyridine et.de l'acide acétique avec le spectre d'une solution 
contenant 2 moles de pyridine pour;3 moles d'acide. Cette composition forme 
d'aprés Zawidzki (1900) une solution azéotropique (azéotrope négatif). 

Ils ont observé un changement de fréquences des raies de la pyridine et de 
l'acide acétique de l'ordre de 10 cm-t, mais n'ont trouvé aucune гаје nouvelle. 
Toute fois la précision de leur mesures parait n'étre pas suffisante pour le pro- 
bléme étudié. La pyridine utilisée pour les études présentes a été purifiée par 
distillation fractionnée à l'aide d'une colonne d'un mètre de hauteur!. De la méme 
manière оп a obtenu une solution de pyridine et d'acide acétique contenant 41,4% 
de pyridine par mole. A l'aide de ces deux liquides et de l'acide acétique glacial 
on a préparé des solutions de compositions mentionnées au début. L'eau, qui 
pouvait se trouver dans les solutions ou provenir de l'humidité des vases, a été 
éliminée en distillant quelques centimètres cubes de la solution des cuvettes ra- 
maniennes. Comme la pyridine forme avec l'eau un azéotrope positif on peut 


1 Les distillations étaient éxécutées dans l'Institut de Chimie Physique de l'Université de 
Varsovie. | | 1 


я 
E 
i 


Е 


Spectres Ramaniens 27 


considérer la déhydratation comme suffisante. Pendant cette opération les gaz 
dissous étaient eliminés également. On a fermé les cuvettes par la fusion de leurs 
extrémités. Avant de fermer les tubes des cuvettes on a prélevé quelques centi- 
mètres cubes du mélange à titre d'échantillon. Pour déterminer sa composition 
l'acide acétique a été titré par 0,1 n NaOH en présence de phenolphtaléine comme 
indicateur. 

Les spectres ramaniens étaient observés a l'aide d'un spectrographe à deux 
prismes de verre. Le spectrographe (production de la firme Huet) a une dispersion 
de 17 À par millimétre dela plaque vers 4358 À. Le spectre était excité par la 
raie À — 4358 À de mercure provenant d'une lampe de type S. 500 (PRK 2). 
La partie plus réfrangible du spectre de la lampe était arrétée par un filtre com- 
posé de solution saturée de nitrite de sodium. 

La courbe de dispersion a été obtenue à l'aide d'un microphotométre enre- 
gistreur de Moll. Les courbes d'enregistrement des spectres ont permis au moyen 
de la courbe de dispersion de déterminer les fréquences des raies ramaniennes. 
Les valeurs obtenues de cette façon sont juste à 0,3 cm? prés. Les résultats des 
mesures sont réunis dans le tableau 1, où les raies sont indiquées par les mêmes 
lettres que sur la figure 1. Cette figure montre les spectres des substances pures, 
d’une solution contenant 41,4% de pyridine, et le spectre du benzène. 


0 500 1000 „1500 
' Fig. 1 


Comme on le voit dans la figure 1, les raies les plus intenses dans We 
de la pyridine sont les raies indiquées par les lettres G et К de fréquences A v . 
= 990,5 cm-! et A v = 1030,7 ст 1. Le microphotogramme de ces deux raies. м 
rest représenté dans la figure 2a. D’aprés Kline et Turkevich (1944) ces raies pro- С 
viennent des oscillations symétriques de valence du noyau pyridique 1 её 12 de | Je 


``. Ца classe Ay. La raie, dont l'intensité est la plus grande dans la solution, est une | 


у raie nouvelle H (Av = 1005 cm-1),. qui n "existe Ва дапз les. spectres des sub- 


" 
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(fig. 2c), et 22,3 (fig. 24)% de pyridine par mole. On voit alors, que méme dans 
la solution contenant 61% de pyridine la raie nouvelle H est plus intense, que 
les raies de la pyridine pure С et К. Dans la solution contenant 41,4% de pyridine: 
les raies G et K sont trés peu intenses, tandis que l'intensité de la raie H est trés 
grande. L'irrégularité de la courbe photométrique au point J (fig. 2d) semble indi- 
quer la présence d'encore une raie: 


nouvelle de fréquence voisine de: 


1020 cm~ dans les solutions plus 


diluées avec de l'acide acétique.. 


Comme Vindiquent les résultats. 


des mesures des fréquences réunis 


dans le tableau 1 toutes les trois. 


raies sont deplacées dans les so- 


lutions. Quand on diminue la. 


[кы a REL quantité de pyridine jusqu'au 
к Te ie voisinage de 40%, leur fréquences. 
|: | augmentent d'une facon apprécia- 
MESES ble; dans les solutions contenant 


b 40—30% де pyridine les fré- 


quences sont indépendantes de la. 


concentration; dans les solutions. 
! > , , , 
plus diluées on observe un léger 
abaissement de fréquences. 
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Si l'on compare les résultats. 
des mesures des fréquences des. 
autres raies de différantes concen- 
trations (tableau 1) on constate- 
les сораса des raies sui-- 
vants: 
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La fréquence de la raie d'une: 
intensité moindre Ду = 6509: - 
cm-Ÿ provenant des oscillations. 
у | symétriques de déformation du 
в и ДА ^ noyau 4 de la classe В, change: 
боесу n très peu. Le changement le plus 
еп de fréquence даа être observé dans la solution contenant 41,4% de- - 
pyridine. L'intensité de la raie de la pyridine de fréquence Др 009,3 emot 

_ provenant. des oscillations antisymétrique de valence du noyau 6 de la classe В. 

_ diminue rapidement et la raie devient diffuse’ dans les spectres des solutions. | 
Ча fréquence de la raie de la pyridine A » = 1217,6 cm7" provenant des oscil- | 

У lations de déformation des liaison C—H est diminuée dans les solutions. SES 
oS ‚ Au lieu de deux raies diffuses de la pyridine de fréquences Ae = 1569,5: ` 
; га y — 1574,7 em-1,. provenant des oscillations du noyau 8a. de la classe Bid Ж 
a 8b de la To PE on ре, une ries dont D а 
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dans les solutions plus concentrées et reste presque invariable dans les solutions 
contenant moins que 40% de pyridine. 

La fréquence de la raie A v = 1594,4 cm-1, qui est une raie de combinaison 
des fréquences 990 et 602 стп-1, est abaissée dans les solutions, mais augmente 
à mesure que la quantité de pyridine est diminuée. La fréquence de la raie de 
la pyridine A 7 = 3056,4 cm-t provenant des oscillations de valence des liaisons 
C—H 3 de la classes A, augmente rapidement dans les mêmes conditions. 

En comparant le spectre de l'acide acétique pure et de ses solutions dans la 
pyridine on constate, que la fréquence de la raie A > = 2943,5 cm-! provenant 
probablement des oscillations de valence des liaisons C—H еп diméres d'acide 
diminue dans les solutions à mesure qu'on dilue l'acide avec de la pyridine. La 
fréquence de la raie 1% = 3126,3 cm" provenant d'aprés Kohlrausch (1943, 
p. 256) des oscillations des liaisons O—H en diméres d'acide passe par un maximum 
dans la solution contenant 41,4% de pyridine. 

Les raies Ду = 889,0 cm-1 de la pyridine et A v = 893,0 cm7 de l'acide 
acétique sont difficiles à distinguer dans les spectres des solutions et forment une 
bande commune, dans laquelle on remarque toute fois deux maxima d’inégale 
intensité; la fréquence du maximum plus faible est intermédiaire entre les fré- 
quences des raies mentionnées ci-dessus. La différence des deux maxima ci-dit est 
voisine de 10 cm—. Il semble que le maximum plus élevé indique la présence 
d'une raie nouvelle. Les autres raies de l'acide acétique dans les spectres des so- 
lutions possédent une intensité tellement-faible, qu'elles ne sont pas décelables. 

L'explication de la présence des raies nouvelles ainsi que le$ variations des 
fréquences . doit être cherchée dans l’action intermoléculaire entre les molécules 
de la pyridine et de l'acide acétique. Cette action semble étre la plus forte dans la 
solution contenant 41,4% de pyridine. Grâce au caractère alcalin de la pyridine 
et caractère acide de l'acide acétique des liaisons facilement dissociables peuvent 
se former entre les molécules de ces substances. 

Des modifications analogues mais. moins marquées étaient Т; par 


Hatem, Valladas-Dubois et Volkinger (1949) dans les речте: ramaniens des solu- 


tions de pyridine et d'éthanol. Malgré que l'éthanol n'a pas de caractère acide 
les investigateurs francais suggérent, qu'il y a dans les solutions une liaison inter- 
moléculaire. | 

Џпе гаје де fréquence A v = 1005 cm~ а été trouvée dernièrement aussi 
par Ham, Rees et Walsh (1952) dans les "ue infrarouges de la solution saturée 
d'iode dans la pyridine. 


L'abaissement de fréquence de la raie dé la pyridiné я de oscillations \ 
des liaisons C—H_ est difficile à expliquer. Il est possible, que grâce aux liaisons 


intermoléculaires l'influence de l'azote du noyau devient plus faible. C'est ainsi, 


х que dans la façon de и coniporter dans les solutions le noyau de la pyridine se v 


rapproche au noyau du’ benzène. On arrive aux mêmes suppositions en comparant | 
_ les spectres, de la pyridine, des solutions et du benzene (fig. 1). Certaines régions | 


des spectres des solutions ressemblent plus au spectre du benzene que de la pyridine | 53 
Аш. lieu. de deux raies s de prie Ay = 990,5 et A > = 1030,7 cm~! Ру = ue 
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observe dans le benzène une raie À v = 992 ст“! correspondant à la nouvelle 
raie dans les solutions. Dans la région de 1600 cm7 on observe dans les spectres 
des solutions ainsi que dans le spectre du benzène deux raies à la place de trois dans 


le spectre de la pyridine. 


Résultats: у 
En comparant les spectres ramaniens de la pyridine, de l'acide acétique et des 


solutions de ces deux substances on doit constater que: 

1. Les raies de la pyridine A v = 650,9; 990,5; 1030,7; 3056,4 em" ont 
dans les solutions des fréquences augmentées. Pour certaines raies l'augmentation 
passe par un maximum dans la solution de concentration voisine de 40% de pyri- 
dine par mole. 

2. la fréquence des raies de la ред, As 1217,6 еї 1594,4 cm7" est 
diminuée dans les solutions. 

3. La fréquence de la raie de l'acide Fate A v = 2943,5 cm~ est dimi- 
nuée dans les solutions et des raies 4 у = 3046.9 et 3126,3 cm" est augmentée. 

4. On a observé dans les solutions deux raies nouvelles de fréquence A y= 881 
et 1005 cm-1. | 

Actuellement dans des recherches en cours sont étudiées les intensités des 
raies. Les mémes études seront faites avec les solutions des picolines et lutidines 

. dans l'acide acétique. | 
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Da | BIBLIOGRAPHIE | Де sete си 


“Наш N.S., Rees A. те et Walsh A, Nature, Lond., 169, 110 (1952). N Pp dd 
Да Hatem S., Valladas- Dubois S. et res Hes С. В. Acad. Sci, Paris 228, 182 
2 (1949). i PLE | 

| Kline et Turkevich, J. Chem. Jus 12. 300 (1944) ; RU MP A OMS M 


3 Kohlrausch, Ramanspektren, Leipzig, 1943. | f RENT, 
Whitting R. E, Martin W. H., Trans. Roy. е Can. ш, 25, 87 боз. KE ; 
JO das Js 2. ы, Chem., 35 129 (1900). | № "E rk 


_ КРАТКОЕ СОДЕРЖАНИЕ Я ч 
‚ Исследование. ОВ „комбинационкоо. pace яная 
‚ уксусна кис Eur p Қасы a he 28 


10 > 
EITTIE с*9сте состе 
= 14106 724108 
68706 83-1708 32708 
6'276% ` 90966 ORES | 
9<991 3 MEN ie 
= | о“сбет 0%6<1 
3. “6181 Ө б/с] 
Ж С ОРЕ ДЕШ ME \ — 
E 9'c9er - серии 
Е 2 02121. ожа. 
Я = ЕЗІН ^ өер 
5 E DET n Е. 
9 = “25720013 - < SOO 
E men 04166. 2%66 
a ogon — “Ор обор -0'c69 
old s 87598 10 
E 6679 _ 6706989 
8029 WE ал nM 
20 шүр» ТК ШЕ 
HOOD'HD %001 | нооэ"ӊно%иш | ноооно%9%9 | HOO9'H9 96988 | HO 
N*H'O %0 кнодоеа | КОЖЕ | МНО RPT 
Й 9 Есе среща quor пет таа 


T пвојдеј, N А | 


ТҮ JE 


Vol. ХИ (1953) ACTA PHYSICA POLONICA . fuc 


ON THE SPECTRAL DISTRIBUTION OF INTERNAL 
BREMSSTRAHLUNG EMITTED BY *P AND *Y 


By В. Маки 
P 
Institute of Experimental Physics, Jagellonian University, Kraków* 
(received June 25, 1952) 


Absorption curves of weak y-radiation emitted by ??P and %Y and absorbed 
in lead were taken with the help of a scintillation counter acting as a detector of high 
efficiency. The absorption curves obtained on experimental data were analysed and . 
| compared with absorption curves calculated on the basis of spectral distribution of 
Э internal Bremsstrahlung according to Knipp's and Uhlenbeck's theory. The results 
of experiments and calculation lead to the following conclusions: (1) the spectral | 
distributipn of internal Bremsstrahlung of ??P calculated on theoretical grounds agrees 
with experimental results, (2) in the case of %Ү а spectrum of hardy-radiation of М 
about 1,5 MeV energy and about 5 photons per 10000 f-transitions intensity is super- | 
imposed on the internal кыск spectrum. "pure ~ зи A 


~ 


1 Introduction. 


If a nucleus is in an 'energetically excited state owing toa B-radioactive trans- | 

_ formation, then, while the nucleus passes to the ground state, either a : monoener- 8 

. getic y-photon emission takes place, or an electron is emitted from any of the i 

| ча L, М.. . shells as an. internal conversion electron. If the B-transition · -leads to . 
3 Др the ground state по y-radiation with a linear spectrum takes place and the detection. 
E possible of à a weak y-radiation MN a continuous dise This radia- 


2 4 The theory | of thie observed weak. did was . independently Mehr 
: pe and Uhlenbeck Te and x Bloch e A poris on the basis 
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tended the theory to cover forbidden transitions as well as other types of relativ- 
istically invariant interactions. 


One of the recent experimental papers is that by Wu (1941) concerning the 
investigation of the whole range of the IB spectrum. Wu, with the help of an 
ionization. chamber, measured absorption curves of the radiation emitted by 
a ??P source, surrounded by targets absorbing Ше B-particles. An analysis of the 
absorption curves and measurements of the ratio of the ionization caused by 
X-rays (appearing during the absorption of B-particles in the target) and the 
ionization caused by f-particles, permitted to calculate the number of photons 
per f-particle and the IB mean energy per B-particle. Wu's experiments do not, 
however, answer the question whether the IB spectral distribution agrees with 
the spectral distribution to be expected on theoretical grounds; for, because of 
the employed geometry of the measurements, the IB intensity was only 
a fraction о the X-ray intensity. 


The present paper, therefore, deals with the problem of examining the shape 
of the IB spectral distribution by comparing the IB absorption curves in lead 
with absorption curves calculated on the basis of the theoretical spectral distri- 
bution of **P and %Y IB. These isotopes were formerly considered to be pure 
B-emitters (Dzhelepov and Petrovic 1950). The problem could be solved thanks 
to the use of a more suitable geometry of the measurements, which caused the 
X-ray intensity to be only a fraction of the IB intensity. Besides, the high effi- 
ciency of the scintillation counter used as a detector facilitated fairly exact meas- 
urements in spite of the use of sources of comparatively low activity of order 


of l mC. 


2. Theory 


The B-transformation process may be considered to have two stages: (1) the 

passage from the initial to an intermediate state consisting of the formation and ~ 
"emission of а B-particle and a neutrino, and (2) the passage of the electron from 

the intermediate to the final state with a simultaneous emission of a y-quantum. : < 
- Classically the mechanism of the production of the radiation may be represented 
` аз follows: an electron produced during а f-transition is suddenly emitted from 
„Ше nucleus and the subsequent change of the dipole moment causes the emission 
of electromagnetic radiation. In quantum mechanics this means that there exists 
а certain probability of a y-quantum emission together with the emission of 
E B-particle. According to Knipp and Uhlenbeck the probability of the created. 
electron of energy ЈУ, (in mc? units) radiating а y-quantum of energy k, is Серда 
_Tesented by the function . т a 


ES n aes ا‎ [Ee у 
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2 


: е 
momentum before Ше emission, p — after Ше emission, а — xt 0 fine-struc- 


ture constant. The IB spectrum S(k) for the whole energy distribution of 
B-particles is obtained by multiplying the function ®(W,, k) by the probability 
due W, of the formation of an electron рев initial energy in the 
W,- dW, interval and integrating over the whole range of variability of W,. 
Thus we get 
Wo 


500 = | ФОР, P (I) ай, (9). 


where Та is the maximum energy of the B-spectrum. The function P(W,) is 
supplied by the theory of B-transformations or by experiment. If to calculate 5 (Е) 
we take the spectral distribution of the f-particles found by experiment, we 
eliminate any ambiguity inherent in the theory of f-transformations. Chang's 
and Falkoff's calculations led to the conclusion that also for other types of inter- 
action and for forbidden transi- 
tions the shape of the IB spec- 
trum differs only slightly from 
the same shape for allowed tran- 


k- 0 


sitions, so that we cannot expect 

to be able to discern various 
degrees of interdiction on the basis 
of measurements of the spectrum 
shape. Hence a practical conclu- 

sion: the relatively simple equa- 

tion (2) may also be employed for 
comparing theory with experi- 
ment for forbidden transitions. | 
The energy spectrum of 


ké (We) P(We)x10 * 


5 


| PER p ca 21757224 B-particles from Siegbahn's m 
E Fig. ту Values of kD(W,) РОГ.) for various energies Г Е Ro 5 дет | 
of the photon, as a function of the energy of the ??P дата ( ) иззети oyed. 
B-particles | to calculate the 32Р IB spectrum 


PEAR | distribution. Fig 1. shows the | 
| curves of the dependence of ЕФ (W) P (Ж) on ЈУ, for several values of the photon. | 
energy. On the basis of this diagram it is сае that electrons. responsible for | 
Ў E emitting a quantum of a definite energy Е possess various energies, but to every | ; 
ne corresponds a certain energy W, of the electrons at which the function | 

ke (W.) P(W.) attains its maximum; the values of JV, corresponding. to this maxi- - 
mum are higher for higher energies of the photon. After à integrating, according to 
Ж equation (2), for various values of k, we obtain the spectrum distribution of the | 
зәр IB intensity, as plotted on Fig. 2, where for comparison the diagram of the 
Pa ris. to WE (1941) i is perm Wi асн in CTS 
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momentum distribution of the *?P B-particles given by Lyman (1937). The IB 
energy per one B-particle is given by the surface enclosed by the axes of coordi- 
nates and the curve 4S(4). The calculated value of this energy for 3P amounts 
‘in our case to 0,0025 mc? = 1,28 keV, which is in accordance with the value 
-0,0024 mc? calculated by Madansky and Rasetti (1951). | 


> 
5 = 


к$(к)* 103 


ще 


| Fig. 2. Distibution. of m ар and му IB « SUUM ponen on aer 
: о: рен line А one distribution. of UP. а to: me ап PRE 
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? 


is shown to be a straight line E the axis of abscissae at 


a point corresponding to the maximum energy W, = (2,180 + 0,007) Mev. In 
the above expression о = W2— 1 + (IW, — W)? is a factor characterizing the 
forbidden transition, and Fg is Fermi's function with Coulomb interaction, cal- 


culated on the basis of Bethe's and Bacher's approximation (1936). The linear | 


= k$(We)P(We) х10* 


Fig. 3. Values of ЕФ( МТ.) P(W.) of %Ү for several values 
of the photon energy as function of the УУ B-particle 
М energy 


form of Fermi's diagram 


proves that the Bethe-Ba- | 


cher approximation yields 


a fairly good representation | 


of the shape of the %Y В-раг- 
ticle spectrum, provided 
the factor о characterizing 


the forbidden transition 


is also taken into account. 
On the basis of Konopin- 


ski’s and Uhlenbeck’s theo- | 
ry of B-transitions (1948) Ше. 


introduction of the factor с 


is justified for a transition | 


with a spin change of 2 and | 
a simultaneous change of 


parity; probably these 


_ changes take place during а YY f-transition (Langer and Price 1949). 


д; A plot of the function k®(W,) P(W,) оҒ%Ү for several values of the photon 4 
. energy is shown in Fig. 3. After integrating this function with respect to ЈУ, one 
obtains the spectrum of %Y IB intensity represented in Fig. 2. The total IB- 


ber. .per one QE is in this case smaller than 1 in the case of 9?P and 


5 M ЕЕ the radiation detected, CUM IB, dics formed бый the absorption 


cles were also present. The geometry of the measurements was. chosei n 


5 tha the ratio of intensities. of | rays and of the total photon : 
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À schematic diagram of the apparatus for measuring absorption curves of pho- 
ton radiation is shown in Fig. 4. S is the radiodactive source. A scintillation counter 
with a phosphor adhering to the window of the photomultiplier F acts as a detector. 
The photomultiplier is placed in a light- L wW 
-tight brass screen В with a window of 7 РРР 
aluminium foil and protected with a4 спа 
thick lead shield L having a cylindrical 
opening against the window of the pho- 
tomultiplier. The wall of the lead shield 


facing the source is covered with a layer S 
of wood W in order to weaken the 1 
X-ray background. The layer of wood 
has an opening for inserting absorbers. 

Е с ; 3 S cm 
This opening is covered with a block 


of paraffin-wax of sufficient thickness 
to absorb completely the f-particles. As 


detector a scintillation counter was used 
with a natural crystal of calcium tung- Fig. 4. Apparatus for measuring absorption 
state of about 0,8 cm? volume, with an curves of photon radiation 
ll-stage photomultiplier EMI type 5031 
of 25 и A[lumen sensitivity, possessing a multiplication factor of 2,5 x 107 at 
a potential difference of 160 V per each stage. 

The diagram of the whole scintillation counting system is shown in Fig. 5. 
The electric impulse on the 
collector of the photomulti- 
plier Е, appearing as a ге- 
sult of a scintillation in the 
phosphor, is transmitted to | 
the grid of the valve of - 
the cathode follower K. The 
impulse passes next to the " 
single-stage amplifier À 


| | | .. and after passing through | | 

Fig. 5. Block diagram of the counting system for the electric e t ENS и i 

3 аур ug Ті the discriminator D, which 4 

impulses of the scintillation counter. Z-high voltage genera- Pa Iu 

tor. K- cathode follower, A- amplifier, М- oscilloscope, Cutts off ; all small impulses, ev, 
D - discriminator, S - scaler it is registered in the scaler 


S. The shape and duration. 
of the impulses may be observed on the screen of the oscilloscope M. ; 
- А circuit diagram of the scintillation counting system consisting of the | 
| initial stage, the amplifier and the discriminator is shown in Fig. 6. The accelerating | 
j voltages on the dynodes of the photomultiplier are collected from terminals ofa po- | 
M tentiometer. The collecting plate C is conected directly with the grid of the cathode | 44 
wer. The. time constant of the element on the te of the Mud ку 


x 


etes x. 


Vu rur cx oe ee 
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and it ammounts to about 0,2usec. The negative bias voltage on the grid of 
the first valve of the discriminator determines the hight of the impulses passing 
through Ше discriminator. Standard impulses, lasting about 30 изес, which leave 


EMI 5031 EC 91 EF 50 CV 1094 CV 1091 CV 1988 


CV 1092 


=) Fig. 6. Circuit diagram of the initial stage, amplifier and discriminator 


the discriminator are counted subsequently with the help of a scaler 1 : 100 | 
"Cintel" type UC2A produced by "Cinema, Television LTD". 


74, Mes tement ЕЛЕҢ SE 


The done source was ера а Бу страница of about 0,8 ml of a so- 
lution of phosphoric acid containing 3P (T = 14,3 d, Wy = 1,71 MeV) on a thin 
aluminium foil (2,3 mg/em?). The radioactive substance was covered with a very 
= thin film of "Zapon" varnish formerly dissolved in amyl acetate to prevent any 
loss of the substance. As was later calculated from measurements by means of 
D né Та Geiger-Müller counter for B-particles, the initial intensity of the source amount- . | 
ed to about 2,7 mC. > ا‎ Де : 
С я e НЕР main source of AMATUR ds the IB. | spectrum distribution 


A series of measurements was ‚ started adi eS by measuring Ци counter 
я oi. the bias voltage of the discriminator was kept constant during th | 


hole time. e of (Um Small 1 fluctuations of the counter Dc d duri g 
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on an exact calculation of the correction 8,4, due to the detection of X- -rays formed 
in the paraffin plate. The ratio of the intensities of X- -rays formed Бу B-particle 
absorption in paraffin and in aluminium was calculated with the help of meas- 
urements in which the paraffin or aluminium absorbers were placed directly 
next to the source. On the basis of the value of this ratio М, /N par = (2,95 + 0,05) 
and of measurements of the 
increase of the detected ra- 
diation intensity when instead 
of the paraffin plate placed 
in its usual position (Fig. 4) 
an aluminium plate absorbing 
B-particles has been inserted, 
the correction Ô,,, = (8,0 + 
- 2,0) °/ was calculated. The 
correction for X-rays formed 
by B-particle absorption in the 
aluminium foil on which the 
radioactive phosphorus was 
placed, in the layer of varnish 
covering the source, and i in the 
air around the source, was 
calculated from measurements; 
the calculation was based on 
the experimental law of linear 


increase of X-radiation inten- 0 10 20 30 тт Pb 
sity with the increase of sur- Fig. 7. Photon radiation absorption curves. On the axis 
of ordinates lg N is plotted, where N is a figure propor- 
tional to the counting rate. 4 —??P IB + some X-rays, 


face density of layers absor- 
bing f-particles (Wu, 1941), 


ficiently thin. The value of Cu target + some УУ IB 
the correction for X-radiation 
in the source itself amounts to д, = (1, SOD E as above, in 


proportion to the total detected radiation (without the Pb absorbers). Calculation. 
of X-radiation appearing in the air surrounding the source in the solid angle of 
detection leads to the value of the correction 6, = (1,3 + 0,5)%. Thus. the total 
correction for X-radiation amounts to 6 = (10,5 + 2,1)%. 7 

To obtain the pure IB absorption curve from the mixed absorption curve 4 
Pen Fig. 7, a correction curve in the shape of an absorption curve of X-rays pro- 
düced in ап 0,8 mm copper target adhering to the source (Fig. 7, curve с): was 
substracted from the absorption curve found directly by measurements. This 


. procedure seems perfectly correct, because in the first place the shape of the 


4 C — Х-тафаноп from the Cu target + some 3P IB, - 
provided the layers were suf- ро өү IB + some X-rays, D — X-radiation from the М 


` X-ray spectrum is approximately independent of the material of the target, and s AD 


_ secondly the radiation leaving the copper target contains only about 13%, of IB, A 
е о. curve сш this vas represents with a sufficiently good ch 
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approximation the shape of the X-ray absorption curve and therefore the shape 
of the correction curve. 


5. Measurements with 90Ү 


Аз a radioactive source containing УУ (7 = 60,5 hrs, Wy = 2,18 MeV) 
a sample of Y,0, (from Johnson-Matthey, London) was used, irradiated with 
neutrons in the BEPO in Harwell (Gt. Britain) during 7 days. For measurements 
of photon radiation absorption a source of surface density of about 50 mg/cm? 
was used. The photon radiation absorption curve was determined in the same 
geometry as in the case of measurements with a ??P source. Additional measure- 
ments of photon radiation with a screening of the counter with 9 cm of lead and 
the source - detector distance of 20,5 cm were undertaken with the purpose of 
verifying the correctness of the geometry of the measurements and of determining 
more exactly the shape of the end of the absorption curve. The shape of the ab- 


sorption curve obtained on the basis of these additional measurements was the 
same as the shape of the curve obtained on the basis of the main measurements. 
This proves that the geometry employed was correct. The photon radiation absorp- 
tion curve measured with the source УУ is plotted in Fig. 7. A comparison of the | 
` curves В and A leads to the conclusion that in the radiation due to ФУ a much | 
harder component appears than in the case of the radiation due to 3P. To obtain | 
the absorption curve of pure y-radiation of 90Ү a correction curve in the shape 
of an absorption: curve of X-rays formed by the absorption ofthe ФУ f-particlesin | 
the copper target is substracted. The number of X-photons amounts in this case | 
to about 34% of the total number of photons hitting the detector, with a lead - 
= absorber of zero thickness. This number is the sum of X-photons formed in the air 
in the vicinity of the source amounting to 195, of X-photons formed in the | 
d и paraffin-wax plate absorbing B-particles amounting to 6% and of photons formed 
. in the source itself amounting to about 27%. The percentage of X-photons formed : 
2 3n the air and in the paraffin plate was measured in the same way as in the case 
of 2P.. The percentage of X-photons formed in the source was calculated from | 
р the surplus of X-photons after combining two sources of vg thickness to makes 
one source of double thickness. 
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6. Discussion. 


ў Experimental See may be pet the а by. a ма and Ue. 
experimental absorption | curve ша ан келү componen 1 | 
ei the total IB У етер )- 


Spectral Distribution of Internal Bremsstrahlung 41 


the seintillation counter used drops suddenly for photons of an energy lower than 
0,1 MeV (as was proved by experiment with the help of the lines 0,136 MeV (186 Re) 
and 0,081 MeV (196Ho)), during the calculation of the absorption curve only the 
IB spectrum range of photon Ж 
energy above 0,08 MeV was 
considered. Further, the simpli- 
fying assumption was made that 
the counting efficiency is con- 
stant in the photon energy range 
considered (see Fig. 2). Auxiliary 
measurements of y-ray absorption 
coefficients of the employed ab- 
sorbers were performed for the 
following y-lines 1,2 MeV (®°Co); 

. 06,48 MeV (Hf); 0,41 MeV 15 
(98Ащ); 0,33 MeV (Ag)! and 
the Evans and Evans (1948) ab- 
sorption coefficient curve was 

7 corrected on the basis of data ob- 
tained for the given geometry. 


20 


, 


_ This corrected absorption coeffi- 0 UP E аи? 10 mm P5 


Gent curve was used for the cal- Fig. 8. ??P IB absorption curve in lead. The contin 


. culation of IB absorption Curves. uous line is plotted on the basis of calculations 
The continuous line on Fig. 8 according to Knipp’s and Uhlenbeck’s theory 


represents the theoretical 3P IB 
absorption curve in lead. Points marked with circles represent experimental values | 
obtained from the described analysis of direct experimental results, after taking 
into account the measured corrections for IB absorption in the paraffin-wax filter for | 

_ the ff-particles. Theoretical values were multiplied by a normalizing factor which was ^ г T 
Е chosen so that the point córresponding toran absorber of 2 mm of lead on the | а ; 
| theoretical curve Серо fall оп the experimental curve. As may be. seen from | 


H 
е 
g 
bi 
4 


Бена) curve (the probable errors are indicated on a the. diagram a as small Vers 
` tical lines), and therefore, the 32Р ТВ spectrum. distribution caleulated on the basis. 
bob Knipp’ 8 and Uhlenbeck’s theory may be considered as being in agreement | 
with experiment. Madansky and Rasetti (1951) came to the similar conclusion n 
the basis of. measurements of the. ЕД ща ND in the args ut 0, 03 см — 
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The theoretical absorption curve and the absorption curve obtained from 
measurements are represented on Fig. 9. The shapes of both these curves are 
quite different..This indicates that a much higher percentage of hard radiation 
photons is present than would be expected theoretically. Two possibilities present 
themselves: either the shape of the IB spectrum for the forbidden transition 
90y _ Zr differs from the shape expected on theoretical grounds, or the measured 


E 


TON: PEN же le mm Pb 3 
Fie. 9. Analysis of the Е curve of radiation emitied p е ра nucleus. Curve car E 
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and that some f-transitions lead to an excited state of Zr emitting y-ra- 
diation. 

To estimate what percentage of all B-transitions are accompanied by genu- 
ine y-photons, we assume, as the simplest possibility that the final part 
of the absorption curve is due mostly to a single line of hard y-radiation. After 
subtracting the y-absorption curve from the experimental absorption curve we 
obtain a pure %Ү IB absorption curve. The results of such an analysis are marked 
on Fig. 9 with crosses. The shape of the curve as obtained approximately agrees 
with the theoretical IB absorption curve, which inversly proves that there is no 
contradiction between the above assumption and the experimental results. Thus 
the absorption curve of radiation emitted by the ytrium nucleus is probably the 
resultant of an absorption curve for y-rays of a single y-line of c. 1,5 MeV energy 
and c. 5 photons per 10000 f-particles intensity and the 9? Y IB absorption curve. 
"The numerical values stated here are only a rough estimate, as the experimental 
results are encumbered with rather large errors (cf. Fig. 9). The energy values 
of the y-photons cannot be exactly determined also due to the fact that in this 
range of energy the values of the absorption coefficients in lead depend only in 
a small degree on the value of the y-ray energy. 

The author wishes to express his gratitude to Professor M. L. Oliphant and 
to Professor P. B. Moon for their supervision of the experimental part of this 
investigation in the Physical Laboratory of Birmingham University (Gt. Britain) 
and to Professor H. Niewodniczanski for numerous valuable discussions and for 
his unabating interest in the progress of the whole work. He also wishes to tender 
his thanks to Dr A. Storruste for his collaboration in some measurements. 
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чувствительности. Проведен анализ экспериментальных кривых поглощения 
и сравнение с расчетными кривыми спектрального распределения внутреннего 
тормозного излучения, полученными на основании теории Книппа и Уленбека. | 
Результаты измерений и расчетов позволяют сделать следующие выводы: | 
GE теоретическое предсказание спектрального распределения внутреннего. 
тормозного излучения ?°Р согласуется с экспе 


риментальными данными. 
2. в случа 


e "Y на спектр внутреннего тормозного излучения налагается 
спектр жесткого у излучения с энергией около 


15 MeV и интенсивностью» 
около 5 фотонов на 10 000 В--превращений. 
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INVESTIGATION OF THE MOLECULAR STRUCTURE 
OF METHYL ALCOHOL 
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Measurements of the cross-section for scattering of slow neutrons show that 
the theory of Sachs and Teller (valid for molecular gases) is also true for many liq- 
uids. This may be verified on the examples of H,, H,0, H,SO, and СН molecules. 
The measurements of the cross-section for CH,OH molecules give the value 
(1804-7) - 10-24 с? which is much lower than 231 · 10-24 ст? obtained from the 
theory of Sachs and Teller. This discrepancy is interpreted as due to the influence of 
torsional oscillations between OH and CH, groups in the СН.ОН molecule, in agree- 
ment with the microwave experiments of Burkhard and Dennison. 


l. Introduction 


It is well known that the cross-section for scattering of slow. neutrons by 
protons depends on the chemical binding of protons in the molecule. This de- 
pendence is based on the fact that a neutron may influence the vibrations of a proton 
in a molecule as well as cause a rotation of the whole molecule around one of its 


axis of inertia. 
If a proton in the molecule vibrates with the frequency у, the cross-section 
for scattering of a neutron by this proton (in the case of an isotropic vibration) is 


бей, (Bethe 1937) 
€ 


where оу = 20 : 10-24 cm? is the cross-section for scattering of slow neutrons 


by free protons, and e = s , E, is the energy of the neutrons. 
y 


In the case of an anisotropic vibration 


кам Qo а В OA oho ЕВ 
о = 400 | 1 — 2e t 35 864-51-26) CIS ввз + 
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If the energy of a neutron-is low in comparison to 


the vibrational quantum 


of a proton in the molecule the above equations give the value 4o = 80 - 10-24cm2 


for the scattering cross-section, in agreement with the theory of Fermi (1936), : 
this being, however, exactly true only for zero-energy. n 


neutrons (е > 0). 
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tance is about 1,10 À, the CO distance about 1,44 À, the OH distance about 0,958 À, 
the HCH angle is equal to the tetrahedral angle of 109°28’, the COH angle is 
about 105°. (Burkhard and Dennison 1951). 

The first conception of several investigators was that the hydrogen of the 
hydroxyl group rotates freely around the symmetry axis of the СН,ОН molecule. 
(the CO axis). But the hydrogen of the hydroxyl group moves in a circle around 
the CO axis in a potential with three identical minima. If the potential barriere 
are sufficiently high the hydrogen atom will execute torsional oscillations. If the 
potential barriers are low there appears an approximately free rotation around 
the CO axis. Burkhard and Dennison (1951) interpret the obtained microwave 
frequency of 250 cm7" as the frequency of torsional oscillations. 

The scattering of slow neutrons by СН.ОН molecules may furnish another 
argument for the existence of these torsional oscillations. Evidently, the cross- 
section for scattering of a thermal neutron by the proton of a hydroxyl group. 
will be different for free rotation of the hydrogen around the CO axis and for 
torsional oscillations. The measurements of the absorption coefficient for scattering 
of thermal neutrons by CH,OH will decide on this detail in the molecular struc- 
ture of methyl alcohol. 


2. The application of the theory of Sachs and Teller to liquids 


The theory of Sachs and Teller (1941) explains the phenomenon of the 
scattering of slow neutrons by molecular gases when the neutron energy is low 
as compared with the vibrational quantum of protons in the molecule but great 
as compared to the rotational quantum of the whole molecule (E,, < E, < Ер: 
Ee Ue s ET. 

The cross-section for scattering of a slow neutron by a proton bound in 
a molecule is 


с = Gs (изизизи) * (To + T, + 7+...) ond 
where ©, is the cross-section for scattering of slow neutrons by protons in the case | 
. of zero-energy neutrons when the protons are rigidly bound. o,, = 80 - 10-24 cm?. 


_ Ty, Тү, ... are terms which depend on the energy of the neutrons and on the energy 


1 е 
of the molecules, u = — ~ Un + иа + из), ‘and иу, Ma, Из are the characteristic 


values of a tensor PE in the follówifig manner: = 
The molecule is replaced by а hypothenea! mass point. The mass of this. 


\ 4 
i 


|. mass point is a tensor M defined by: ра 


4 
| 
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` where г, га, та are the coordinates of the considered proton as referred to the 


| 
: 


the whole molecule as referred to these. axes, Mo i is the mass of the pos | 


principal axis of inertia of the molecule, 11, 1, Ig are the moments of inertia of 


48 jo A маши 


We introduce a dimensionless tensor n = mM-!, where т is the mass of the 
neutron, and a third tensor u. by 


yo = n. 


~ 


The characteristic values of this tensor м are the 44, Из, Из: 

'The theory of Sachs and Teller is valid for molecular gases. The comparison 
with experiment, however, shows that it is possible to use it also for many liquids. 
In this case it is necessary to replace the bracket expression (Tg + Т; + 75 + ...) 
in the equation of Sachs and Teller by 1, so that ut de 


б = Get Из Изи)". 


This may be experimentally verified on the examples of liquid H,, Н.О; H$5501; 
and СН.Т, as it is easy to see from Table 1. | 


Table 1 


Scattering cross-section for slow neutrons 


FS 


Cross-section per molecule 
Паша Rare i Cross-section per molecule 
d CUE O ка Ory experimentally obtained 


of Sachs and Teller 
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бсн,он = 231 : 10-24 спа. 


| 
| 
(со = 3,8 · 10-24сп?). | 


ри 1 (0; 0,25; 0) 
4. Apparatus Tu ( x 
In this work a boron lined ionization ves 
chamber was used as a counter of 2 


thermal neutrons. The apparatus was c (0; - 2,03; 0) 
described in detail in a previous paper H 
on the absorption óf slow neutrons (05.-24.-087) 
(Janik 1951 a). À source of photoneu- 


irons slowed down by 6 cm of par- 


H (за 


H 


-0,5:-24; + 0,87 
affin was used. The necessary y-ray ( 0,5;-24; + 0,87) | 


source consisted of 200 mg of radium Fig. 2. СН molecule in the coordinate system 
of the principal axes of inertia. The figures in 
brackets are the coordinates of the atoms as 


referred to these axes of inertia. The unit 
vessels, between the chamber and the is ЈА . cI = 228À, CH = 11А, HCH 


enclosed in platinum tubes and needles. 
The seatterers were placed in flat brass 


neutron source, at a distance of 11 cm angle — 1099 
from the ionization chamber. 


5. Results 


The experimentally obtained cross-sections for scattering of thermal neutrons 


by СН and СН.ОН molecules are: 
сона = (195,2 + 10) · 10-em 
Оснон = (180 + 7) : 10cm? 


The value for CH,I is in agreement with that calculated from the theory 

_ of Sachs and Teller. This value (together with the previous values for H,,-H,0, 
1 and H 350,4) furnishes а new argument for the applicability of the theory of Sachs vs hs 
and Teller to liquids. 1» DUE 
` ` ` But the value obtained for methyl alcohol is quite different from the ER 
| lated one (see Table 1). The calculation by means the theory of Sachs and Teller 
on the assumption that the OH Бор rotates freely around the CO axis unes 
281. 2103, AE | 
‚ lt is very natural to regard this discrepancy as being due to torsional oscilla- _ 

| tions of the OH and CH, groups in agreement with the microwave experiments. 
` The OH and CH, groups oscillate relatively to one another with the frequency of 
у 250 cm- so that the four regen atoms in the molecule of methyl alcohol | 


| [А 

1 shall be considered each as a, harmonical oscillator pen GES lj A The 
| : y АОФ 

| tron scattering cross-section $i i in this case vend on the frequency of this | 

tion as en as on the даи que of the whole. CH,OH. molecule, 
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It is therefore not possible to use either formula of Bethe or the equation 
of Sachs and Teller (E, = £,;). But if we neglect the effect of rotation (as in the 
case of very heavy molecules), we have for the scattering cross-section of neutrons 
by the vibrating protons according to Bethe's formula 


ў | o 5209: 10 ша Е 0) 


- The possibility of rotation will of course cause further diminishing of the 
scattering cross-section. 

- Thus, the value of the cross-section obtained in the experiments, which is small. 

in comparison with the theory of Sachs and Teller may be understood only on the 

assumption of torsional oscillations in the CHOH molecule. | 
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ON LARGE PULSES IN PURE-VAPOUR G.-M. COUNTERS 


Ву J. Wresorowski 
Institute of Physics, B. Bierut University, Wroclaw 


(received. July 15, 1952) 


Large pulses produced by a-particles in pure-vapour G.-M. counters һауе been 
investigated in some detail. À typical operating characteristic is given of such a counter 
exposed to a divergent beam of a-radiation. А new luminous phenomenon associated 


with large pulses is described. 


Introduction 


А few years ago some experiments with boron-lined, slow-neutron counters 
were made by the author. The all-metal type counters used in those experiments 
were filled with pure organic vapours. For calibrating purposes small mica win- 
dows were mounted on the cathodes through which Po- a-particles could be pro- 
jected. into the sensitive volume. The observations on an oscilloscope screen of 
the height and shape of the pulses showed that under the influence of the a-radia- 
tion there appeared occasionally some unusual, very large pulses. Some of these 
pulses exhibited a characteristic stepwise structure. 

It was also observed that the counting rate of the large pulses increases with 
‘the voltage applied to the counter. These phenomena were evidently caused by 


discharges of a particular kind and of abnormal magnitude produced by a-particles. - 


The observations mentioned above, as having no direct connexion with slow- 
neutrons experiments have not been published. | 

Since then several papers appeared in which essentially the same phenomenon 
was described and the results of more detailed investigations were presented. 
Huber, Hunzinger and Baldinger (1947) used argon-alcohol counters in which 
a movable a-particle source was placed on the wire. They observed that large pulses 
are produced only by those a-particles the paths of which are inclined to-the nor- 


‘mal to the wire at an angle smaller than a certain critical one. The value of this. 


critical angle increases with the voltage across the counter. In consequence, the 
counting rate of large pulses also increases. In a series of papers Fünfer and Neuert 
(1950) and Neuert (1950) have reported results of their more detailed examinations 
of pure-vapour counters exposed to a-radiation. On the basis of a number of 


indirect observations they concluded that: ( 
À а) In contradistinction to ordinary Geiger discharges which propagate in 


d ina narrow а extending from the wire to the cathode. 


narrow layer along the wire, a discharge corresponding to a large pulse is local-. 


59 Ji Wesolowski 


b) The abnormal discharges produced by a-particles are accompanied by long 
wave photons, and are similar in their mechanism to a streamer type discharges 
(Loeb and Meek 1940, Raether 1938). 

Considering some interest evoked by recent investigations in this field, the 
author repeated his former experiments and supplemented them with new ones. 


П. Experimental procedure 

An earlier observation made in connexion with slow-neutron counters was 
the starting point of experiments described below. During some measurements 
B with a counter in which the wire was incidentally insufficiently stretched, it was 


Windows 


| 


й 
% 
4 


(қалқала! 
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E n of "M wire. This. Е that tee pulses are produced ge a partit 
kind of spark discharges. hf. лече s pues 
5% In order to test directly the correctness 15 this. ‘supposition, 
A n : г constructed in such a manner. as. to make 7 
of once у EE shows schematically the onstruction | 
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distances from it. À number of similar windows was mounted in the cylinder of 
the cathode. By changing the distance between the source and the mica windows 
it was possible to alter to some extend the divergence of the beam of a-particles 
entering the counter. In order to obtain a distinct difference in magnitude of 
large and normal pulses, the length of the cathodes was limited to 50 mm. The 


E 


Fig. 2. Block diagram of the circuit: (1) amplifier, (2) pulse discriminator, (3) recording circuit 


to oscilloscope 


counters were filled with vapours of ethyl-alcohol, ether, methylal or with various 
mixtures of these substances, the total pressures ranging from 15 to 40 mm Hg. 
A block diagram of the circuit used is shown in Fig. 2. 
Negative pulses from the counter passed simultaneously to the oscilloscope 
circuit and, through a pulse discriminator. to the multivibrator of the recording 
circuit. In this way it was possible to observe simultaneously the size of the pulses 
on the oscilloscope screen and the luminous phenomena occuring in the counter. 
At the same time pulses of a given amplitude could be counted. if 


Ш. Experimental results 


A rather small effective length of the counters greatly facilitated the sepaph у 
tion and observation of the large pulses. According to the voltage applied to ће 
counter the size of these pulses was about 20 to 100 times as large as that ttre . 

- to the cosmic ray or B-particle background. In agreement with the results repordet 
de other authors it was ascertained that a-particles projected parallelly to the — 
. wire did not produce large pulses. Strictly speaking, large pulses were notobserved 
“іп such a geometry in which the a-particles did not hit the wire or the cylinder. 
Кш, in all experiments described below particles were projected. through | JA 
ше windows of the cylinder. S ANY OC 
First of all the existence of a large-pulses threshold was found; it lies i inthe | 
` proportional region of the usual operating characteristic of the counter. | а 
vis pulses appear at a rather sharply defined voltage, depending оп the type | 
' vapour used, the pressure and the geometrical parameters of the counter. | 
As the pes is raised above this Na the igne rate at first NU i 
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voltage, gradually diminishes. Nevertheless, large pulses are still observed even 
in a voltage region where the counter passes into a continuous discharge. 

A typical curve showing the counting rate versus voltage is presented in Fig. 3. 
The maximum of the counting rate is reached at a voltage lying in the vicinity 
of what may be called: "The Geiger threshold". 

It is known from Fünfer and Neuert's investigations that pure vapour counters 
do not exhibit a Geiger threshold in the common meaning of the word. The term 


COUNTS. 
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ES 22.000 


BE UI 100 


HAN 1300 Vg 1500 1600 Ve 1800 VOLTS 7 

пеещ N Fig. 3. Counting rate vs. voltage. Counter ‘of the type 10). Po à 
Парни, 27 a-source а few mm. away from the mica window. Vg-Geiger NOI АНЕ 
ЊЕ SAET А у threshold, . а иаре of the continuous discharge / 
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| Geiger threshold” is dis od here in a sense used p the Ле a 
evan Busan defined voltage at deg Geiger pulses are almost of bnt same 
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ness of the stripes increases and their appearance alters. Most frequently both 
kinds od stripes, inlet and outlet ones, appear simultaneously in the samé event 
caused by the passage of a single a-particle. Fig. 4(c). The angle ф between these 
stripes decreases with increasing voltage, but when a more collimated beam of 
a-particles is directed on the wire then the stripes are situated almost in a straight 
line, independently of the voltage applied. In the second voltage region, i.e., 
above the Geiger threshold, the increase of the voltage causes a reduction of the 
counting rate and of the magnitude of the pulses Luminous phenomena change 
their aspect: the number of double stripes gradually diminishes, single outlet 


a b с 


Fig. 4. (a), (b) Stripes just above the large-pulse threshold. (c) Stripes in the middle of the firs 
region. Dotted line supposed trajectory of a-particle 


stripés predominate. As the voltage is further raised, the gas near the wire begins 
to glow and the counter passes into a continuous discharge. Yet, on the background 
of this discharge large pulses, though considerably reduced in number, ate still 
observed. Finally, when the voltage is still further increased, typical overshoot- 
ings occur in the counter. 

The phenomena just described. seem to indicate that the stripes connect the 
wire with two points on the cylinder: one, where an a-particle enters the counter 
(inlet-stripe), the other — where it is absorbed in the cathode. It seems that a single 
inlet-stripe appears when an a-particle falls directly on the wire. 

As to the relative magnitude of the large pulses, the observations on the oscillo- 
scope screen have shown that the height of these pulses is not uniform. Generally 
a pulse corresponding to a double stripe is about two times larger than that related 

| to a single one. 


" —. V. Cohcluding remarks 


The. direct observations of the luminous phenomena taking place in pure 
organic vapour counters confirm Fünfer and Neuert's conclusions on the character 


_ of the discharge associated, with large pulses. These discharges are in fact localized 
ei in small, narrow columns of the stripes and are accompanied by a visible radiation. 


à ` There are many obscure points yet; for instance, it is not clear why in the 


second voltage region the counting rate decreases with increasing voltage. It 


Vd щат. пате г i 1 ' 1 t MN 1 


0. lows from what is MT known on large pulses that pure vapour counters | 
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Ж 


г 


might be in principle used as detectors of heavily ionizing particles in the pres- 
ence of B-or y-ray background and, at least to some, extent, as indicators of the 
direction of motion of these particles. x 
Further investigations should decide whether and for what practical pur- 
poses these counters might be used. i 
The author is indebted to Mr. Z. а for his Е in carrying | 


у 


out some of the observations. 
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Formulae for third-order aberrations of a mirror lens аге proved. Аз compared 
with analogous formulae for simple refracting lenses, these formulae show explicitly 
the advaniages of using such a kind of lenses for the design of optical instruments. 


er toa m D 


The purpose of this article is to find expressions for third-order aberrations 
of mirror lenses and compare the properties of simple lenses (i.e. twice refracting) Е 
with the properties of mirror lenses. In Ше mirror lens the reflection occurs = 
f at its back surface. The light i is refracted at the limiting surface, is then reflected — Br. 
_ and refracted again at the limiting surface. We shall use the sign convention adopted | С 
E J. Fluegge (1937, pp. 495—500). In this manner the direction of light remains 
_ positive to the right. (Fig. 1). Du law of de dm becomes (see the Index at the ч | је 


‚соч е еМ ЖУО? = 
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Our computational practice proved this method to be very convenient for 
numerical calculations and to leave less possibilities for errors. In what follows 
we assume the lens to be infinitely thin. We shall use the method of the "basic 
parameters" (Slusarev 1937) to prove the formulae for Seidel's sums. This metod, 
when applied to a system of infinitely thin components, enables us to divide all 
the parameters into two groups of external and internal parameters. 

External parameters depend only upon the focal lengths of several compo- 
nents, their reciprocal distances, and the positions of the object and the entrance 
pupil. Internal parameters depend only upon the radii of curvature and the indices 
of refraction of the sorts of glass used in the different components. Slusarev applies 
the method of "basic parameters" to the computation of systems of infinitely 
thin refracting lenses, single or cemented. In this article we use Slusarev's 
method for the computation of DT composed of infinitely thin mirror 
lenses. | : | 

We call *basic parameters" б} ап infinitely thin component the following 
expressions | 


ж. 


ha FE A а =; ва ex а = Tu: MAN ne om 


је symbol A; denotes the difference of a given m 
| pore : 
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уд жт = кыа у. (10) 


үеге 0, = 22, 
ry 

Special attention should be paid to the results represented by formulae (8) 
and (10). The parameter P of a mirror lens is a-third-order function, while in 
a refracting lens it is a quadratic function of the variable r,. The graph (Fig. 2) 
shows us this function for different 
values of therefractiveindex. From 
the examiantion of the first and 
second derivatives it is clear 
that this function is monotonically 
increasing and has one point of 
inflexion. Parameter // forms a 


linear function of the curvature, 
in contradistinction to the case 


of refracting lenses, where // is 
approximately equal to 0,7. 

For n = 1,5, P = 0 and W = 
0,222 when r, — —1. This is the 
case of the so called Mangin's 
mirror (1876) which has the 
advantage of corrected spherical 
aberration and slight comatic 
aberration. 

From (8)—(10) we can elimi- 
mate 01: Then P and П become 


Fig..2 
functions of W, namely 
E 2 па W n?(n? — 3n D W? (2,5n*— n3 —2n?4-n4-1) W 
О ICD (rn D De» | 
(n + D*(n — 1)? (n+ (n — 1) (n + 1)%й--1) 
Ant пас сп <= 1 70 (11) 
p A(n + 1)*(n — 1)? 24 
; == ои 2. | у (2) 


- The continuous graph Б Fig. 3 represents the function P (W) for n = l5. 
"Phe shape of this graph changes very little for other values of the refractive in- 
Чех n. The dashed line represents the same function for n = уе i 
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Formula (11), as it stands, is too complicated to be of much use for practical | 


computations. However, mirror lenses are usually applied in systems with a great 
light gathering power, where the main role is played by spherical and comatic 


P 


Пр. = «- — D 4a(a' —a3 + ala — a) (2а(2 eme | r | de Г. 
20 к= a wd C e CIS 


aberrations. The value of the 


parameter W varies then 


between — 1 and +1, and is. 


usually very small. Then, in 
first approximation, we can 
omit second and third powers 
of W. We obtain thus linear 
equations, which are easy to 
solve. 

It may be also remarked 
here that great negative values. 


of W correspond to large 


curvatures. 


Slusarev also introduces 


two new parameters P and W - 


“ 
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Dur). W, ; (20) 


у y; У, 
Sin = с 203 E miti (21) 
Эти == M ФП; (22) 
1 
с Шр C1 ту 
1 
=>, ат ПУ O04). (23) 
1 1 1 1 1 


In the case of an object at finite distance 
а'„= 1, В: =1, hy = 5181, л = 2; 
J = an — s). 


In the case of an object at infinity 


J = —1. 
where p is the index of the last medium. 
In telescopic systems a, = 0, a’, — 0, a = 1, 
where 4 is the index of the medium before the eye piece. Formulae (19), (20) 


and (21) are valid in the case of mirror lenses. We express in (22) and (23) П by 
its value from (12) and get 


Sj, = X(2W,—2)9, (24) 
2 2 
DI DT 7 3 
= az Pi 3 у + ) p PIA 1) — 05) 


From (24) it is clear that the curvature of field depends on the bending of 
the mirror lens, and that for J/ lying near 0,25 it has the value —1,5. Hence it 
follows that in systems composed of refracting and mirror lenses, we can succeed 
in balancing the'curvature of field without using negative lenses. 

In the formula for distortion an essential role is played by its last term since, 
when spherical and comatic aberrations are-already corrected, the values of P 
and W for individual components are usually small. The factor 2W + 1 appear- 
ing in the formula for mirror lenses is less than the factor З + /7 = 3,7 appearing 
in the same place for refracting lenses. Furthermore in systems in which mirror 
lenses occur distorsion Ís very small. The balancing of astigmatism causes the 
greatest difficulty because of the factor 295. 

We resume in a few words the P differences and similarities between 


refracting and reflecting lenses. In the former the parameter P is a quadratic 
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function of curvature of the surface, in the latter-a third-order function. In the 

former spherical aberration cannot be corrected, it can only be brought to a min- 

imum, in the latter it can be corrected and the function has no extremum. In 

both the parameter W is a linear function of the curvature. The value of the para- 

meter /7 for refracting lenses varies very little and is approximately equal to 0,7, 

while for reflecting lenses it is a linear function of curvature in the interval from 
! —1,5 to —2. 

The systems with mirror lenses can be easily corrected for spherical and co- 
matic aberrations, and for distortion. The curvature of field has large values of 
opposite signs as in the case of refracting lenses. We get a chance of balancing 

Ў the curvature of field by combining reflecting with refracting lenses. The chief diffi- 
~ . саћу is caused by astigmatism which 3 is not easy to remove in systems with 


- 


=. 
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great light gathering power. 
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Index of signs and symbols used 


angle of first auxiliary ray with optical axis 
angle of second auxiliary ray with optical axis 


reciprocal of radius of curvature related to focal length 1 ) ‘ 

reciprocal of focal length, power of a lens | 

— parameter connected with curvature of the field, formula (6) 

— focal length ДР 

— height of first auxiliary ray | 

` angle of. incidence и 

— angle of refraction or - reflection " 

— as index denotes successive number of the surface of a given lens Ж 

— normative factor appearing in formulae (19)— (25) , ДЕ 
number of lens surfaces met ЕР 

— index denoting successive number of з given lens in a system А А, Vd 

- number of lenses-in a given system | 2E : | 

/— refractive index ` 3 T, | йе Ка 

- parameter defined by, formulae (4) and (13). connected iius лава eme. 

= Abbe's invariant, formula (3) | Ad t UR Фа гаас ВЧ 

= - radius of curvature of a lens = ^ ecrit Ls 

— object or image distance of first auxiliary тауу zi АСТ AL RTS LUI 

Die И a — Seidel’s sums, formulae (19)— (23) Pe VoM prr IUS 

Ur parameter ‘connected with comatic aberration, formula (5) and И 
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я. и. Ба ртко в с ка я, Аберрации Ш порядка отражательных\ линз. 
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в работе дан вывод формул аберации III порядка отражательных линз. 
Сравнение этих формул с соответствующими формулами для преломляющих. 
- линз показывает преимущества оош отражательных линз при по- 
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Formulas are given for the angular correlation of three successive y -quanta. 

The assumption is made that each y-quantum is of a given multipolarity. The z-axis 

я is taken along the direction of propagation of the second quantum. The Racah summa- . 

tion formulas are used twice. The final correlation formula is given in terms of 

Pop, ۾‎ (cosy) Pay, „(соз з) cos Ag, where 4), (0,) is the angle between the direction of the 

first (third) and the second quantum, and g is the dihedral angle between the planes 

of the first-second and third-second quanta, Numerical values of the correlation 
coefficients for dipole transitions are given. Results are given for the limitations of | 
anisotropy. The formalism describes also the case in which some of the emission proc- · 

esses are replaced by absorption processes. 


~ 


NIE Introduction, 


в 


s The investigation of the ES ов of successive y-radiation i is ап. 
| ‘important method used in order to determine the total angular momenta of excited | 
S nuclear levels and the а тоир of x dr All the papers up to now 
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he theory of angular correlation much more complicated in the case of triple 
ransitions than in the case of double transitions. Therefore, in their calculations 
ihe three authors mentioned confine themselves only to the special cases in which 
iwo of the radiations are parallel or antiparallel and the interference terms vanish. 
Jesides they consider the case of two radiations in triple cascade with one ra- 
liation unobserved. The corresponding experiments are only of importance when 
me of the three quanta is difficult to observe, e.g., on account of its small energy. 
ЭЁ course, most of the informations and the clearest results are yielded by exper- 
ments in which one is not limited to special positions of the counters. Hence I 
indertook the laborious task of calculating the correlation formulas for triple 
y-radiation for arbitrary directions of emission. 

The distinction between emission and absorption is irrelevant in the corre- 
ation formulas. Thus the theory of triple correlation describes also the case of 
ibsorption followed by emission of two cascade radiation. In this case it is of impor- 
ance to avoid the necessity of observing the emitted quanta parallel to the direction 
X propagation of the exciting quanta, which could perturb the registration of 
he counter. When additional effects (scattering, pair production) possess rota- 
попа] symmetry with respect to the direction of propagation of the exciting quanta, 
one can place the counters on a half-cone the axis of which is parallel to this di- 
rection and the vertex of which is in the emitting nucleus. Then the anisotropy 
n the coincidences is due solely to the angular correlation of the two emitted 
adiations. If most of the scattering is a forward-scattering, one should observe 
he radiation emitted backwards with respect to the direction of propagation of the 
xciting quanta. 


I. Theory 


The following process is considered: А nucleus in the initial excited state j4 


- — 
ass over to the first intermediate excited state j, by emitting a y-quantum (4,271). 
l'he nucleus i in the state J, is then over to the second intermediate excited state /; 


ју Канн a y-quantum ді, 212). Finally the nucleus in the state ја odes a tran- 


ition to the ground state у, by emitting a y-quatum (s 213) ; j are the quantum 
— 


iumbers of the total angular momentum of the four states; (4 2P) are the-wave | 
rector and multipolarity of the successive y-quanta. It is assumed that the nuclear puc 


states which differ only іп respect to the magnetic quantum numbers ^  . 5 6 
п, (г 524274. 4) have the same energy, and that the initial nuclei are oriented UM 
t random. | E. E 
Е НЕ probability of the above ое is given ү the formula | т, 


w = > m M MM | À | РА 


i py: (тата) TOM | нд: м.) ат) (ism LETS) Lama) | Nen қ; 
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-> 
X (ата | H(k3M3) ата) |, ( 
— 
where Н(ЕМ) is the interaction hamiltonian for emission of a y-quantum wi 


— 
the wave vector Е; M = +1 corresponds to a left- or right- handed circular 


polarized wave respectively. The summation is to be performed over the indic 
in the ( }-braces. 

This formula can be derived by solving the perturbation theory equatio: 
by the Weisskopf-Wigner method (see Appendix). 

In Eq. (1) and further on we omit constant factors, which are irrelevant fc 
the correlation formulas. #3 

The matrix elements of the interaction hamiltonian H(k4 M) (s = 1,2,: 
for emision of a y-quantum with the wave vector 


= = > -> 
Е, = Е, (i, cos ф, sin 9, + ij sin p, sin 9, + i, cos 9) (2 


and multipolarity 27^ have the form (Goertzel 1946) 
: > 
(j,m, | Н(К, M) |+ т; 41) 


Ls 
— const 3 реф, 9, 0) uc МЕ Ола т, Ја 1 та И), 
ul-Ls 
where = = 0,1 for magnetic and electric transitions respectively and the "const 
is independent of m,, та, M,. DE (p, 9, 0) „м; ате matrices of the irreducibl 
representation of the three-dimensional rotation group and (j,,,L,j,m, |, 1 
m,,,H) are the Clebsch-Gordan coefficients (Wigner 1931). 

The value of w is independent of the direction chosen for thé axis of quant 
zation, hence we take the z-axis along the direction of propagation of the secon 
quantum. This choice of the z-axis simplifies essentially further calculations, sinc 
it enables us to perform most summations in the same manner'as Racah (195] 
did it for double correlations. 

D%(000) „м, = д(иМ,), hence inserting expressions (3) in Eq. (1), we hav 
with our choice of the z-axis the following formula for w 


M у (та mymymgmamauu! v v М Ma M3}(j „Гарт Гати) („Парти |] alm’) 
x pa» (p, 0,0)^, A 09 (9,0,0) им, (вото | jzLamg Ma) (jaLojomo | Гота Мр) 


X (faLajama |ја Рата v) (aLojams | JaLsms У") D Це: (73930); м, 29° (24880), M, (4 
_ Now making use of the formula 


D? (à B y), = а B y) yrs, 


ме split up the products D*D appearing in Eq. (4) into sums of matrices of irre 


ducible representations with help of the well-known formulas (Wigner 1931): 
DY (9,810) ги D (p100) м, = ITA V (io) — mye’ |1,10) 
OX D (w910) „(а — М.М. |1160), 
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D? (p39:0) ске (30,0) тар Se) Me y {1A} (LaLa — v »' |1,11) 


X DO (P3030) о (LL; — ММ; | Га 10). (5) 
Taking into account Eq. (5), Eq. (4) takes the form 


w= У ШЕ) У тип) (LiL — пи LLL Eo) 
X (ја jim, | joa mau) (ја јут Гати 1 („Гата JsLomsM) 
X (jsLajom; Гата m| Хо» та} (—)" Cols vv' | LSU) (іт |, Гата v) 
X (абата Арата ^|» E (p, 9,0), ,D Y (59:30) зо 


X E {My} (LiL, TA MM; HALE) У {M3} (LL; "E MM |15110) с (6) 


Now making use of the Racah (1942) summation formulas, we can write the 


brackets ||, []a of Eq. (6) as follows 
Пе C9****m- (2k + 1) * W (sj; LL, | Ел) (ойтао [7 эть) 
[la = C9 7 (21+ 3) * W (јаја Ls Ls | Ys) (јат а А јат) (7) 


where W are the Racah coefficients. 
Now using the relation 


(п — m, — ma|Àhjsi — m) == (рыл (ја јата Та тт), (8) 
we obtain 


LOCAL p IGI. ној oj even e 
D'ou cL се. 


OL TE ТЕО for. ever by 
| 2 (M3) (Lgl3 — МаМа |15130) = | p 0 - 2” for odd 1. 9). 
We see that Ё and 1 take even values only; we put, therefore, 


do o ие | (10) 
Making use of Eqs. (7) and (9), with (10), we can write Eq. (6) in the oleae 


form 
w= У {uvo} DOP (1010) D P (рад а CI) 7 Д7 Гајић) 
x W(jsisLsLs|2 vja) (11151 — 1|1,1,2и0)(Ь1 — 11270) аи + 1) (4v + 1)] + 
| X У (татутфтМ, 309" : "дит 20 [72] ть) (829 та — A |j52 jams) 
4 Ох бута Ms ыға) бат Ма бајт). ` (11) 
1 ‘The sum over Tay? NR ту. „та is reduced to a single sum. Indeed, since | 
ы бетта VR has a TAA da x тә, т), we have 
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A=— م‎ m', = та + A, 
m'a = та + Ms + 1, ту = та + Ms. | (12) 
Hence Eq. (11) takes the form 
w= V (p v4) D ™ (9,910) — DP? (рд) [Ap + Dv + 118 o, 
x YR а а), (13) 


ПОРАЖЕНА 


where Ў 
| R „а Gelsa а 1.13) = Г (аа | La 13) А uvÀ (213 | Lo), 
Tay (од |La Га) = W (јр а |2uj;) W (151373 L4|2 vj) (1,1,1--1 |L L;2u0) 
X (L,L,1 — 1| 14152 »0), 
A ра (ais lL) = = У (та Му (52 vm, + А, — 21152 gs) 
x Js? pm + M, + 2, — Аит E Mə) (агат M, 2 [/sLojams + ША 
х (IL amz + АМ, |31 „та + M; + А). (ПАН 3 


Replacing in expression for A ua Ше summation diese та, М, by s.d 
Р —М, and taking into account the symmetry properties of the Ed equa e 3 
` ` coefficients, we easily get 


E ae | dip A yan т 27 cn 


ee rat racine tar 


Hence Eq. аз) takes the form ~ | pec 3 
| i | x > а Cet i (4 s УІ ER R wa „1р е ) (19,0) 2 d a 
а! s x D2 (py) xo + D (1910) до DD). 7 00 


Now v we use the деи relation (Goertzel арлар Хм WS 
ш а үш Үр a y зо 
D (afp) ма ( бү? (pa. -o 
| С г: j RA | | DE 


(LET, 
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We shall discuss now the limitation imposed on anisotropy. The Racah coeffi- 
cients W does not vanish for the following triplets of numbers 


(jah). (41429). (15152), 
(Гајаја), (LsL32v), (j5j52 v). (19) 
which satisfy the triangle condition. So we conclude that 
и X mn (Lija) y < min (L4j,), (20) 


where, e.g., min (Lija) is the smaller of the two numbers L, , ja. Moreover, thanks 
to the properties of the associated Legendre polynomials, we have 


AX min (202 »). (21) 


| Eq. (18) takes a simpler form for some special positions of the counters. 
The case when two counters lie on a straight line going through the emitting 
nucleus was investigated by Arfken, Biedenharn and Rose (1951). In this case 
one must draw the z-axis parallel to this straight line. Therefore our formulas 
take simpler forms in the case in which one of the two counters is the counter 
registering the second quantum. Thus setting 94 = л,0 or да = л,0 all the 
terms vanish except those for which 4 — 0, this being a consequence of the 
properties of P,, . 


gs ox л Е 
A simplification occurs for 94 = zs or 93 = T Then, due to the properties 


of Pom» only the terms with even A remain. The same occurs for ф = л)2 and 
is caused by the factor cos Ag. 


т 
An interesting special case is the position 0, = 7 Or 9, == я with ф = 


when the first or third transition is a dipole one. Then, on account of the properties |. : 


в of P 


т » there remain only the terms with even À, but because of the factor 


cos Ap and the inequality’ 4 < 2 valid-for dipole transitions, finally only the 


terms with A = 0 remain. 


"The numerical values of the correlation coefficients for three dipole transi- 
tions are tabulated below. Only the values of r and À are given and not those of К, 
thus reducing the number of cases. Since the matrix elements of- Eq. (1) are 
hermitean, it is sufficient to consider the cases jg = ја, ја + 1 only. The values 
of the Clebsch-Gordan coefficients used here were given by Condon and 


y E UY (1951). The ratios of the Racah coefficients occurring in the аерге 
d for r' are taken from the paper of Arfken, Biedenharn and Rose (1952). — 


қ 


4 


St A. АА Ral Коооз L'un == T up ТІГЕ 4 pra = Аја · 


"mn L , 
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Table of атай ees for three dipole transitions. | 


PE 
4, 
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(27, — 1) 2j, + 3) 
20750 + 1) 


(„+ 1) Qja + 3) 


по» 11) = Ec тобы» |1) А, ОЁ js, Ja Е 


тоа — 175јаја | 11) = 207 (2j TE 1) = пој — 175 mu 32) 129 22 
2 V2 . 
Ж Eo Jaja — 1) 
г 10 (2 3x Урал | 11) в У ы DG NE 3) EET 17 111) وو وو 9ة‎ 
2 2 


— Аја (ја ae D _ 
10 m DAG + DGD 
пасва 


БЕТІНЕ | 1) - 


: | | R'o10 ) 
Y qu Јаја |11) = rot Ви = ИЛЛ 15) independent of 2 ja ' 
2 тос = А'уу(]з]з | 1) | у | 3 
| ХА А по v Е اا‎ 1) = мы Ss EN e. 3 
cM Зан | 10% + ant Da + 1) Gi 1 и 


2) _ эу 4973 — 918 — пау, + 72 
EX Ч » (2з — D Qis ТЕ EUT 
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The tabulation of separate values of r and A has the following advantage. 
A depends only upon jz, ја, La. Consequently the values of À given in the above 
table includes also, e.g., the case of the two first dipole transitions and the third 
quadripole transition for 7, < 1. 

In principle only dipole transitions are considered in this table, though some 
very special cases of higher multipolarity are also included. That is so because the 
number of cases of higher order transitions increases rapidly with the order. 
In general, however, the angular momenta of the two first excited states of the 
nucleus and the multipole character of the transitions between these states as well 
as between the first excited state and the ground state can be investigated with 
help of double correlation experiments: If this is the case, one hasto insert in Eqs.(14) 
the known values of ја, ја, Ja. Ls, Го and to calculate the correlation coefficients 
as depending on ji, 14. 

It should be pointed out that in the correlation formula (18) we assume that 
the counters distinguish the three quanta emitted in succession. In the case 
when the energies of the three quanta differ this can be done by bring- 
ing to coincidence those impulses only which correspond to y-quanta whose 
energies lie in appropriate energy intervals or by applying suitable absorbers. 
Another possibility is the application of delayed coincidences. This application, 
however, is difficult for the correlation investigation, since at present the experi- 
mentally obtainable delay times are rather small (> 107° sec as compared: with 
10-12 sec which is in general the order of the half-life time of nuclear states). 
If it is impossible to distinguish between the three quanta, one must permute 
the directions of the three quanta appearing in Eq. (18) and add all the obtained 
expressions for w. Or alternately, one can place the counters in such directions . 
that the angles between every two of them are equal. But the informations  *' 
obtainable from such observations are rather poor. | 

Since the correlation formula (18) is sensitive to the sequence of the success- | 
ively emitted quanta, the observation of triple pog aur can give E. 
- about the location of the nuclear levels. 
| Now, we shall discuss the possibility of measurement of triple реа, 
· We assume that Ше number of triple cascade processes in the source used in our 
experiment is the same as the number of double processes in the sources used 
in similar experiments concerning double y-correlations. With М» we denote 
` the number of triple coincidences which should be observed in our experiment, 
| whereas N, is the number of double coincidences observed in the experiments 
. mentioned above. The efficiency for y-quanta of modern scintilation counters is 
` near to 100% (see the review article on scintilation counters by Наше (1951)). Thus . 
Ethie main factor which makes Ng smaller than N, is the solid angle subtended, by | 
“the counter. If, for instante, this solid angle is equal to 0,25 steradian, then | P. 
` this factor causes that № 8/2. 10-2М,. Taking into account the fact that in the (al 
сазе of double correlations the counters do not distinguish the two successive ifs Y 
ta, | we get. N = 10-2N,. This result is obtained by neglecting such effects | i 
jon of the pa Tays in the araia Ng i is also reduced p на the ` 


s 
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apparatus sensitive only to y-quanta with energies lying in special intervals. But 
the number of accidental coincidences is for the case of three counters much 
smaller then for the case of two counters. Besides, we must take into account the 
fact that the experiments concerning double correlations were performed with 
the use of counters, the efficiency of which was far from 100%. Therefore we 
conclude that the measurement of triple y-correlations might be quite possible. 
In conclusion I express my sincere thanks to Professor A. Rubinowicz for 
suggesting the problem and to Komisja Popierania Twórczości Naukowej i Ar- 
tystycznej przy Prezydium Rady Ministrów for granting me a scholarship which 
enabled me to perform this work. I wish also to express my gratitude to 
Dr L. C. Biedenharn for sending me his "Tables of the Racah Coefficients”. 


Appendix 


We shall outline here the solution of the perturbation theory equations de- 
scribing triple y-cascade processes by the method of Weisskopf and Wigner (1930, 
1931, 1933). The energy levels of the nucleus considered are given in Fig. 1. 
The states of the 


Es nergy : 

о au" system which we need 
J117 m, for the calculation ate: 
А | ср The initial state (4,5 
TOU eme Bro. ego) МИ 
| Wo probability amplitude 
-f AC А тұ" C dy, , the first interme- 
? diate state (В, ; ...n, + 
шт i. 1 nis ) e, h 

Sn ~ У .. По Про.) wat 
AD Дт 455 prob. amp. 6, the se- 


Fig. l. Energy levels of the nucleus cond intermediate state 

| (CES eun, + 1. + 

+ ln.) with prob. атр. с, and the final state (D,, ; г OT 
+ ln, + 1...) with prob. amp. 4 
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The equations of the perturbation theory are 
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H is the hamiltonian of interaction between the nucleus and the radiation field. 
The following solutions of Eqs. (АТ) are assumed 


Е а e Y mot? ; 


, ті 
; > ; Ь в = Ув. be (е? Am) 42 e DG I2 (0 и 

” 2 \ 1 i 

ту | 2 е. 
сов = 3 A [e7 Ame Са + vo des 

x Nm, | 

2 +> DES E ет, = две __ ТО. + о; + дот одо) | 

N djs = УСА Silo, 405 40. = opt 

“ din, oot. T. 2 Вр. та ост е Lom 0 9 PE AD | 

> x 

| eer 2: Пи, me vor | By» Jio, SIM Lg, vt wg + or тавр 
| | 4 | 


= 12+ DE на - одру: 
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rt Y 
мг pu? 
~ ne, 


| Substitution m En. (A3). into ера (А1) gives Ше following results | ки M 
s и tro PR Ma OT ШЕ сама) биље Hag o, ra 7 о Ч 
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For t > co we get 


l 
“тост — L3 Oo. 
h тутат 3 (A4) 
5 (оо с) (ста ІН Bn, о ) (b, e |H | а, ) | 


ло —0,—0 (А, )/2Ho5p-9. —@ .-iy(B, )/2ocp-o. -iy(c, 2/23 3 


Making use of the known dependence of the matrix elements on the occupation 
numbers of the field oscillators and neglecting constant factors, we get Eq. (1). 
The assumption is made that the initial nuclei are oriented at random. Since 
the nuclear states which differ only in respect to magnetic quantum numbers 
have the same energy, one must sum over z4. The summation over the directions 
of polarization corresponds to the case of observation with the help of three coun- 
ters which do not distinguish between the directions of pose (see 
Hamilton 1944). 
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- где 4, (9) -- угол между направлением первого (третьего) и второго кванта, 
орых лежат направления первого и второго 


ф--угол между плоскостями, в кот 
кванта (третьего и второго). Рд — сферические функции. . Коэффициенты 


разложения содержат коэффициенты Рака и Клебша—Жордана. Рассмотрена 
анизотропия углового распределения. Для дипольных переходов приведены 
. числовые значения корелляционных коэффицентов в зависимости от кван- 
| товых чисел полного момента количества движения, участвующих в процессе 
ядерных уровней. Формулы описывают также процесс абсорпции, после KOTO- 
рого наступает двухступенчатая каскадная эмиссия. 
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LETTERS TO THE EDITOR 


RELATIVISTIC QUANTUM DYNAMICS 
OF A SYSTEM OF INTERACTING PARTICLES 


By Jan RZEWUSKI 


University of Wroclaw, Institute of Theoretical Physics 
(November 18, 1953) 


Quantum mechanics, so far, was applied either to non-relativistic systems of 
particles, that is systems in which the interaction is of a static type, or to systems 
in which the particles move in a given external field. Extension to relativistic 
systems of particles interacting by means of retarded or advanced forces was 
hindered by the fact that the corresponding variational principle (1) contains 
double integrals in the interaction terms besides single integrals in the terms 
corresponding to unperturbed motion. Such systems are of a non-local type and- 
it is impossible to describe them by a set of commuting observables corresponding 
to one time or, generally speaking, to one space-like surface. In fact all quantities 
appearing in the theory show besides an explicit dependence on the observables 
on a certain surface also an implicit dependence on these observables at points 


outside this surface. The intervention of points from the outside occurs by means | 


of integrals of certain functions of the observables taken over the whole domain 
of time considered and is unavoidable in any non-local theory. 
It is well known from the field theory, however, (Rzewuski 1951, Rayski 


1951) that even in non-local cases, where the traditional quantization procedures - 


are not directly applicable, one may calculate Heisenberg's S-matrix by means 
of direct methods such as the method of Feynman (1949) or Yang and Feldman 


(1950). - 


It is the aim of the present letter to describe briefly the construction ofan | 


S-matrix for relativistic dynamics of interacting particles. Such dynamics is in 
сад шен by an action integral of the following form Nc. 


ios peer ION < q”) vzde йг" (1) 1 


He Latin indices run from 1 to 3, ер indices from 1 to 4. For both types 


dg, > 
Hiie: convention. about. summation over dummy indices is adopted. dr and - urs 
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is the velocity of the n-th particle, vj = 1. The integration limits are denoted by o, 
and c, which means that one has to integrate over t” between points at which 
the line q(t”) intersects two given space like surfaces о, and оз. We may imagine 
that on these surfaces some experiments are arranged and for most practical | 
problems we may move them to — оо or + ce resp. The function С gives account 
of the interaction and must for relativistic reasons depend on q” — q” by means 
of the invariant (q7, — q%)?. For electrodynamics G(g" — 4”) = д [9 и 9) but 


we shall carry out the calculations for a general G, thus including into the consi- 


derations also mesodynamics and theories with extended particles. For simplicity 
the term л == m is excluded. It gives account of the action of one particle on itself 


and may be considered to be contained in the mass constant x, as a renormalization | 


effect (cf. Wheeler and Feynman 1949 and Feynman 1948). e, is the charge of 


the n-th particle. Units are chosen in which h = c = 1. 
'The equations of motion following from (1) are 


d X. Ме В. f 3 
паша ee EE Lc n Drs 2 ; 

У1 — (9): | | & 

` where + 
ор у O2 у | TA ч 
дА" дА” 
F” = у= аз 5 5 Дл ==. ) — 
и ge (47 Ма 1 (eq 47% “Ее 
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v? ce e) dr". 


\ 
( » 


dés 


F Ээ, 


Relativistic Quantum Dynamics . 19: 


Equations (5) may be treated by means of the Yang-Feldman method (1950).. 
The commutation rules for non interacting particles may be derived by application. 
of Schwingers method (1951) to quantum mechanics with 


COR JJ VIZ са" (9). 


as action integral. They are 


lo pe ода Ia. 4371 =0, Гр Pek 0} (10). 
where 


n ,,0n 
on X 0; x 


= | 
(the superscript o denotes non-intéracting particles). The second of the commuta- · 
tion rules (10) holds only if é” and 2” correspond to the same space-like surface с. 
_ For arbitrary t” and t” the commutation rules are derived by the usual methods. 
but we shall not use them in this letter. The ешр commutation. rules are: 
valid generally because of the constancy of p%. 
Now introducing: the Е operator 5 by the equations. 


зе 2 == Spi, 1л ро. | пие a (12), 
` combining ap eee (5) and ri Xu using the notation | аа E SES s j 


Re ce 
didi Th ut _ 02”) ПР „adu 3) x 
DETTE (Pe + Pe) e(t) = 0 e + 7 Du ер ак ‘< 0, и Де 


7 


` we obtain two спе de 
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It may be regarded as an extension to quantum theory of the ideas of action at | 
n A 


a distance advocated by Wheeler and Feynman (1945, 1949). : : 
Applications to practical problems shall be given in a detailed account of | 


this work. ста 
с ; 
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Czasopismo ukazuje sie corocznie w jednym tomie zlozonym 
z czterech kwartalnych zeszytów. = 

Maszynopisy prac w 2 egzemplarzach w językach rosyjskim, 
angielskim, francuskim lub niemieckim, zaopatrzone w krótkie 
streszczenia w języku pracy oraz rosyjskim należy nadsyłać pod 
adresem redakcji niżej podanym. Wszystkie ryciny powinny być 
zaopatrzone w krótkie objaśnienia jako podpisy do klisz. Autorzy 
mogą otrzymać najwyżej 50 odbitek swych prac po cenie kosztów 


| produkeji. 


Журнал издаваемый ежегодно в одном томе состоящем 
из четырех ВЫПУСКОВ: 
The periodical appears yearly in one volume of four quarterly 


~ issues. 


Le périodique parait dans un volume par an en quatre fascicules 


 trimestriels. : 
Die Zeitschrift erscheint in einem Bande von vier Heften Nr 


jährlich. x d xr 


